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of cooling systems has been chosen among the others to guarantee less energy 
consumption, which will make it the most favorable and applicable for cooling such 
places mentioned above. In the experiments, the main focus is to study the 
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سابية            ة وح ة تجريبي ي دراس الة البحث ةموضوع الرس ة  عددي اآن المفتوح د األم ي تبري دف البحث .  ف يه
ل المالعب،  المفتوحة بالطرق التجريبية  دراسة فاعلية تبريد هذه األماآن إلىالحالي  مدعمة بالطرق الحسابية، مث
ة أو  المجمعات التجارية، الحدائق العامة، ساحات المعارض، حدائق الحيوان، مرافق المواصالت، المرافق العام
ازل الخاصة  احات المن ي س ى ف ة  .حت ي الدراس ستخدم ف د الم ام التبري سيط  نظ د ب ام تبري ر نظ ن ،يعتب ون م  يتك
سط لنضمن . ضبابي يش مختلفة ونظام رذاذ مجموعة من المراوح بأطوال ر  دي المب ذا النظام التبري ار ه م اختي  ت
التي درجة أقل من استهالك الطاقة مقارنة مع أنظمة التبريد األخرى  اآن واسعة آ د أم  خاصة وهي األنسب لتبري
د مزود . ذآرت في األعلى  رذاذ النقطة الرئيسية في هذا العمل هي دراسة المجال الحراري لمراوح تبري ة بنظام ال
وائي  نفس مواصفات التصميم اله راوح تتصف ب دا االختالف في أطوال القطر لكل  الضبابي، آل هذه الم ا ع م
ربط ، لتكون الدراسة متمحورة حول تأثير اختالف طول القطر في المجال الحراري لكل مروحة ،مروحة  مع ال
  . رياضية تصف هذا التأثيرتا والخالص بعالقبتأثير ارتفاع المروحة الرتفاعات مختلفة،
ة .   الدراسة التجريبية تشتمل على مرحلتين          وائي المتمثل أثير اله ى مكرسة لدراسة مجال الت ة األول المرحل
واء لكل  ة افي سرعة اله ا وبارتفاعات مختلف اختالف أطوال أقطاره ستخدمة ب راوح الم ات لم ، والخالص بعالق
أثير ذا الت ة.رياضية تصف ه ستخدمة  المرحل راوح الم ل الم راري  لك أثير الح ال الت ة مج ة لدراس ة مكرس  الثاني
ات رياضية تصف ، والخال  باستخدام نظام الرذاذ الضبابي باختالف أطوال أقطارها وبارتفاعات مختلفة  ص بعالق
  .هذا التأثير
ائج ا  العددية  الدراسة الحسابية            ق النت ا من التجارب  مكرسة لبناء خوارزمية حسابية لتحقي  لمتحصل عليه
ة النظام ، والستخدامها الحقًا في تصميم ومقارنتها ضبابي المناسب في حال ة  ال ان والظروف الجوي  اختالف المك
د في .المحيطة شروط همدخالت  في هذه الدراسة يوجد حل رياضي يعتم ى ال ل درجة  والعوامل  عل ة مث  التجريبي
واء للمروحة ر المبلل الحرارة المحيطة، درجة الحرارة للثرموميت  . ، الرطوبة النسبية، الضغط الجوي وسرعة اله
واء لكل مروحة ،في الدراسة الحسابية آل الشروط والظروف الجوية آانت ثابتة وغير متغيرة   ما عدا سرعة اله
ذه ويتم آذلك دراسة تأثير  . والذي يتمحور حول تأثيره هذا البحث ،ذات العالقة المباشرة بطول قطر آل مروحة  ه
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ة التبخر  ستخدم في عملي ستغرقه ،العوامل حسابيًا في فعالية وأداء نظام التبريد الم ذي ت ة،  والوقت ال ل الرطوب  مث
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Ap                          surface area of water droplet (m2) 
B                           barometric pressure in (Pa) 
b                            radius of water bubble (m) 
Cb                                        concentration of bubble (kg/m3) 
Cg                                        vapor concentration in the bulk gas (kg/m3) 
Cs                                         vapor concentration at the droplet surface kg/m3) 
Cpa                                       specific heat of air (J/kg K) 
Cpe                                       specific heat of water (J/kg K) 
Dg                          diffusion coefficient (m2/s) 
Dp                          diameter of water droplet (m) 
DL                          fan diameter of 30-inch Fan (m) 
Dm                          fan diameter of 24-inch Fan (m) 
DS                          fan diameter of 20-inch Fan (m) 
h                            enthalpy (J/kg) 
hc                           heat transfer coefficient (W/m2.K) 
kc                           mass transfer coefficient (m/s) 
Lvap                                        latent heat of water (J/kg) 
ma                           mass of air (kg) 
me                           mass of water (kg) 
ml                           liquid mass of water (kg) 
mevap                       evaporated mass of water droplet (kg) 
Mp                          Molecular weight of H2O in (g / mole) 
N                            number of droplets  
Nc                           evaporation rate in (kg/s) 
Nu                          Nussle number 
Pr                           Prandtle  number 
Pv                           partial vapor pressure (Pa) 
Psat,d                       saturated vapor pressure at dry bulb temperature (Pa) 
Psat (Tp)                  saturated pressure at water droplet temperature (Pa) 
Qp                             heat absorbed by water droplet 
Qtotal                         total heat absorbed by water droplets  
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R                            universal gas constant in (m3.Pa / K.mol) 
Re                           Reynolds number 
RH                          relative humidity 
Rp                           radius of water droplet (m) 
Sc                           Schmidt number 
Sh                           Sherwood number 
T                             temperature (oC) 
Tb                            temperature of bubble 
t                              drying time (s)  
Td                           dry bulb temperature (oC) 
Ta                            air temperature (oC) 
Tp                                            droplet temperature (oC) 
Tp0                           initial value of water droplet temperature (oC) 
Va                                               air volume (m3) 
Xi                              mole fraction 
X                              distance in x-direction (m) 
Y                              distance in y-direction (m) 
µa                             dynamic viscosity of air (Pa.s) 
ρa                             density of air (kg/m3) 
ρw                             density of water (kg/m3) 
v                               droplet speed (m/s) 
λa                              thermal conductivity in [W/m.k] 
θ0                              zero angle deflection (default case, θ0=0o)  
θ1                              first angle deflection (θ1=26.56o)   









        During the last three decades, Saudi Arabia has witnessed significant economic, 
industrial, and technological developments. One important aspect of these 
developments is the implementation of modern cooling techniques. Air conditioning or 
providing thermal comfort always has been of primary concern and for this purpose, cooling 
systems were introduced.  To our knowledge, most buildings in hot regions in Saudi Arabia 
have been provided with electric air conditioning systems, which has led to a large increase in 
electric energy consumption. The volume of these systems is expected to increase of about 
four times by the year 2010 [1]. Cooling large open areas is really a need for the population 
nowadays and for this, in turn, it will lead to a huge electricity supply demand, which is a great 
challenge in the country with the increase in the cost of energy production. Therefore, cooling 
large open areas with possible economic solutions or energy alternatives will be the main 
subject of this study by finding a way for possible aerodynamic cooling system, which 
consumes less amount of energy to be able to cover and provide thermal comfort to large 
open areas. Such as, stadiums, shopping malls, national gardens, amusement parks, zoos, 
open transportation facilities and open government facilities or even in buildings outdoor 





1.2 Objective of the Study 
      The objective of this thesis is to understand and investigate the relationships and 
parameters governing the evaporative cooling process such as, the relationship 
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between the temperature domain and cooling fan diameters from one aspect and the 
relationship between the temperature domain and cooling fan heights from the other 
aspect with and without mist. Evaporative cooling by using mist is an aim of this 
thesis to guarantee less energy consumption, which allows the use of solar energy as 
the energy source of this cooling system. In this manner, it is highly possible to 
provide thermal comfort to so many active and livable places all over the kingdom of 



















      The purpose of this chapter is to provide a general understanding of the 
relationship between the relevant literature and the present work.  This chapter 
consists of three main sections. The first section describes the climatic characteristics 
and features of regions in Saudi Arabia. The second describes some applications of 
passive cooling systems. The third reviews the research conducted on evaporative 
cooling.  
 
2.1 Climatic Characteristics and Features of Regions in Saudi Arabia  
        Hot climatic regions prevail on the western sides of land masses between 15 and 
30 degrees north and south of the equator in central and western Asia, Africa, 
Australia, the Middle East and North and South America. Those regions are 
characterized by their aridity, which is caused by the dry Trade Winds which blow 
southwest and northwest towards the equator [2].  
         Saudi Arabia is located within the hot-dry climatic zones of the world, but it 
may be further divided into five climatic zones by geographic characteristics [2]: (1) 
the hot-humid zone, which includes the Red Sea coastal plain in the west; (2) the 
upland from 1200 to 1800 meters in the west; (3) the upland over 1800 meters in the 
west; (4) the hot-dry zone, which includes the central plateau, ringed by Nafud, 
Dahna, and Rub Al-Khali deserts; and (5) the composite zone, which includes the 
coastal plain of the Arabian Gulf in the eastern area (Figure 2.1). Only the hot zones 
are included in the present study where we can decrease the temperature and provide 






Figure 2.1 Map of the Climatic Zones of Saudi Arabia 
 
 
         The hot climatic regions of Saudi Arabia are characterized by six factors [4]. 
The first factor is high summer daytime temperature, ranging from 32o C to 36o C 
with the hotter regions going well above 40o C and up to 50o C. the second is high 
solar radiation ranging between 800 to 1100 Watts/m2 on horizontal surface. In 
addition, reflected solar radiation from high-colored terrain greatly increase the 
direct radiation. The third is frequent afternoon dust storms and haze, which are 
caused by conventional air currents which, in turn, are induced by heating of air 
mass near the ground. The fourth, depending on location and season, is the vapor 
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pressure, which varies from 5 to 15 mm Hg and causes wide fluctuation in 
temperature and relative humidity from summer to winter. The fifth is low wind 
speed in the morning hours, reaching a peak in the afternoon. Theses afternoon 
high speeds are often accompanied by sand and dust storms. The sixth is low 
annual rainfall, as low as 140 mm, but the rain may come in sporadic heavy 
showers and thunderstorm during the winter months from December to February.  
        Temperatures are subject to considerable diurnal and seasonal fluctuations. 
Winters (December to February) are cool to warm. Summers (June to September) 
tend to be very hot with temperatures above 40º C widespread and common and 
may approach 50º C. Humidity is generally low, except along the coasts where it 
may be quite high.  
        Average August temperature in western region is 32º C but may reach 49º C, 
winter temperature average 24º C, and relative humidity varies seasonally between 
55% and 65%.  
        Summer months in the central region are intensely hot with a daily maximum 
about 45º C. Winters are cooler, with a maximum temperature of 22º C declining to 
10º C or lower. Relative humidity also varies with seasons with typical summer 
humidity of between 15 to 20 %.  
        The Gulf coast is warm and humid in summer with average maximum of 42º 
C and winter maximum average of 22º C. Humidity varies seasonally greatly from 
40% in summer to about 70% in winter [4]. 
        Figure 2.2 shows the monthly mean dry bulb temperature profile, where July 
is the hottest month, representing the center-line of symmetry between months of 
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April, may, and June versus August, September, and October. In figure 5, the 
profile of the monthly wet bulb temperature shows that, during the summer period, 
the dry bulb temperature can be lowered close to the wet bulb temperature by using 
evaporative cooling techniques.  
 
 
Figure 2.2 Profiles of Monthly Mean Dry Bulb and Wet Bulb Temperatures 
 
       
         The Saudi Presidency of Metrology and Environment (PME) [6] summaries the 
climatic characteristics of summer in Saudi Arabia and states that During the month 
of June of each year fall sunlight perpendicular to the Tropic of Cancer (23.5 degrees 
to the equator) marked the beginning of summer climate in the northern hemisphere 
where this line that exists on the amount of mid Kingdom solar radiation Fallen lead 
to higher temperatures for most areas Which leads to lower air pressure and a low 
heat on the Arabian peninsula related sprawl Low seasonal India, which Limited north 
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and west until it reaches to the eastern Mediterranean, is among the characteristics 
that this low-temperature air mass of very hot and dry and reflected the temperature in 
this Chapter reach Britain, where between 44 to 47 degrees Celsius up to 50 degrees 
Celsius especially at the east of the Kingdom can rank the first part of this period is, 
until July half the dry summer period where there is this period northern winds and 
dry warm and active periods leading The polluting peaking amid the day interaction 
with the air along the high-centered in the north west of Saudi Arabia, which arise 
with differences in the values of temperature, pressure, and the eastern and central 
regions of the Kingdom. The areas west of Saudi Arabia affected by the winds East 
(poisons) that blow from time to time and be very hot and dry and loaded with dust. 
          The remainder of the period in question until the end of the summer period 
could be classified on the coasts wet summer (July and last until the end of 
September) and is characterized by a rise in temperature and humidity, which runs 
frequently. 
         When the East wind prevails and light to moderate at times eastern region and 
are loaded with water vapor and because of the high temperatures, they are 
demanding significantly. 
        Yet this does not chapter in Gulf of nice to make the heights of Asir, Baha and 
Taif resort destination nationals of the Kingdom and Gulf countries, so if we gazed 
rate temperatures about 16 degrees smaller percentage may fall to 10 degrees as 
previously recorded Abha in 1994. 
 
          If we add to this mountain terrain and the presence of subtropical Front, which 
is characterized by large amounts of water vapor in the South and moved north to 
reach the fullest extent of the district of Medina, cause these things together in rainfall 
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may be heavy in some years as previously And registered the highest amount of 
precipitation in this chapter of Khamis Mushait (146 mm), Abha (112 mm), Taif (143 
mm) and in 1992 had been accompanied by activity in surface winds depressed by 
wind where it arrived in Jizan (110 knots in 1991). 
 
        It should be noted that at a time when the rain stopped on the eastern 
Mediterranean influence extends well front subtropical zone until Medina since the 
torrential rains of 6 mm and 9 mm Riyadh, both in July 1978 either Mecca reports had 
registered the highest amount of precipitation presidency with the 1992 and 1998 






2.2 Passive Cooling  
          The term "passive" means not "active". The term "passive" refers to the method 
of cooling a building with the use of natural renewable sources without sophisticated 
mechanical equipment [7]. A passive cooling system may include simple devices such 
as a water pump or a fan when its application might enhance the system's 
performance [8]. The natural cooling mechanisms which are employed most are 
cooling by ambient cool air, long-wave radiation to the night sky, water evaporation 
and earth . These natural sources act as a heat sink to store heat from building that will 
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be cooled. Each of these cooling sources can be manipulated in different ways to 
result in various cooling systems. 
          Passive cooling systems are classified based on the different natural recourses. 
The natural sources useful in cooling and the systems derived are: (1) ambient cool 
air, from which the comfort ventilation and nocturnal connective cooling systems are 
derived; (2) night sky, on which the direct radiant cooling and indirect radiant cooling 
systems are based; (3) water evaporation, which cab utilized in direct and indirect 
passive evaporative cooling, and (4) earth, which can be used in direct earth-coupling 
cooling and indirect earth cooling. 
           Passive cooling techniques have been developed to achieve three major 
objectives: (1) to cool buildings with the use of renewable inexpensive natural energy 
sources, (2) to lower the cost of cooling, (3) to provide a solution to the "green house" 
effect. Mechanical air conditioning is considered expensive compared to passive 
cooling in terms of the initial cost, maintenance, and repairs. Moreover, mechanical 
cooling intensifies the use of electricity in peak demand hours during summer days. 
Thus, applying passive cooling systems reduces peak demand and flattens electricity 
use profiles. Even, if there is a need to use an expensive source such as electricity to 
operate passive coolers, the amount of energy will be lower than the energy needed 
for mechanical air conditioning because the coefficient of performance (COP) (the 
ratio of the cooling obtained (Watt) to the power input (Watt) of the passive system) 
is about five times higher than the mechanical air conditioning [9]. 
           The technology harnessing natural phenomena to achieve cooler temperatures 
inside dwellings, particularly in hot dry regions, has been known since early times 
[10]. Traditional methods of designing and integrating passive cooling systems within 
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residential units such as storing night coolness in thick walls, underground rooms, and 
creating fountains and ponds and wind towers or so called " Baud Geer" in iran, were 
quite rudimentary and their efficiency was relatively low [11]. The wind towers have 
been used for centuries in the hot dry and hot humid climates in Afghanistan, the 
Arabian Gulf states, Egypt, Iraq, Iran and Pakistan. 
2.3 Evaporative Active Cooling  
           Active cooling is the method of supplying cooling with the help of mechanical 
cooling systems like fans, air conditioners and cooling towers. 
           The active cooling can be generated by air blowing devices like fans or can be 
generated by water as in cooling towers or it can generated by both air and water 
together known as evaporative active cooling. 
            An evaporating droplet is a complex phenomenon, and much effort, both 
experimental and theoretical has been performed in an attempt to elucidate and 
describe the mechanisms. From the experimental point of view, compromises have 
been made, and in order to develop the theory, simplifications have been necessary. 
            Most of the theoretical studies have been based on constant sphere diameter 
and negligible convective flux due to diffusion. The case in which the sphere diameter 
is changing was investigated by Brain and Hales [12], and to simplify the problem, 
the fluid properties were assumed constant. However, significant differences between 
constant and variable property results have been reported [13]. In general, because of 
the complexity of calculation involved in the describing equations, many 
simplifications have been necessary. For example, droplets were assumed to have 
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spherical shapes, heat conducted through the droplet was assumed negligible, constant 
properties were assumed [14].  
              Gilbert D. Kinzer and Ross Gunn [15] in 1950 made a theoretical and 
experimental study of the physical behavior of freely falling water drops, including 
the influence of ventilation and environment upon the evaporation and equilibrium 
temperature formulated in a quantitative terms. The theoretical approach emphasized 
the vapor and heat transferred to packets of environmental air that make transient 
contact with the liquid sphere. The basic psychrometric equation was derifed for a 
freely falling spherical drop. Measurements of evaporation, equilibrium temperature 
and time to reach equilibrium were carried out for single drops and compared with 
theory. And new methods and apparatus especially devised to study freely falling 
drops were described. 
            S. E. Woo and A. E. Hamielec  in 1971 [16] investigated a numerical solution 
of the Navier-Strokes equations of motion and the equation of mass transfer have 
been obtained for the steady-state transfer of chemically inert substance from the 
surface of a single rigid sphere moving at its terminal velocity in an unbounded fluid. 
Local Sherwood numbers were calculated for spheres with Reynolds numbers in the 
range of 0.05 -300 and for a fluid with Schmidt number of 0.71. the objective of this 
study was to model the effect of ventilation on the rate of evaporation of cloud drops 
falling at terminal velocity in air sub-saturated with respect to water.  
            M. Pasandideh-Fard, S. D. Aziz, S. Chandra and J. Mostaghimi in 2001 [17] 
studied using both experiments and a numerical model, the impact of water droplets 
on a hot stainless steel surface. Initial substrate temperatures were varied from 50oC to 
120oC (low enough to prevent boiling in the drop) and impact velocities from 0.5 to 4 
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m/s. fluid mechanics and heat transfer during droplet impact were modeled using a 
"Volume-of-Fluid" (VOF) code. Numerical calculations of droplet shape and 
substrate temperature during impact agreed well with experimental results. Both 
simulations and experiments show that increasing impact velocity enhances heat flux 
from the substrate by only a small amount. The principal effect of rising droplet 
velocity is that it makes the droplet spread more during impact, increasing the wetted 
area across which heat transfer takes place. They also developed a simple model of 
heat transfer into the droplet by one-dimensional conduction across a thin boundary 
layer which gives estimates of droplet cooling effectiveness that agree well with 
results from the numerical model. 
           José Rui Camargo, Carlos Daniel Ebinuma and José Luz Silveira in 2005 [18] 
studied the Basic principles of the evaporative cooling process for human thermal 
comfort, the principals of operation for the direct evaporative cooling systems and the 
mathematical development of the equations of thermal exchanges, allowing the 
determination of the effectiveness of saturation. They also presented the results of 
experimental tests in a direct evaporative cooler that take place in the Air 
Conditioning Laboratory at the University of Taubate Mechanical Engineering 
Department, and the experimental results used to determine the convective heat 
transfer coefficient to compare with mathematical model. 
         Ji í Smolík, Lucie D umbová, Jaroslav Schwarz and Markku Kulmala in 2000 
[19] investigated the heat and mass transfer from evaporating water droplets using 
wind tunnel technique. The results were compared with results of other authors and 
correlated by an empirical fit proposed by Clift, Grace, and Weber [20]. It was found 
that the fit gave reasonably accurate predictions for Reynolds numbers ranging from 0 
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to 400. the accuracy of the obtained expression was tested comparing measured and 
calculated droplet temperatures. The results agree always within 5% and usually even 
within 1%. This represents an experimental validation for mass and heat flux 
expressions commonly used in condensation and evaporation studies.   
        Much experimental work has been published. Studies have been carried out 
under many different conditions, including forced and free convection, laminar or 
turbulent flow, varying temperature [21] and pressure [22, 23] and so on. In each case, 
the droplet was either supported on a fiber or on a thermocouple, or falling freely. 
Other factors influencing the evaporation rate from droplets, such as vibration, 
rotation [24, 25] and the effect of the deviation of the shape of the droplet from that of 
a true sphere [26] have also been the subject of several studies. In order to simplify 
the complex system, some of the studies have been carried out with constant droplet 
diameter. This was achieved by matching the feed rate to the droplet through a micro 
burette, which also carried the droplet, to the rate of evaporation. 
         Y. F. Li, and W. K. Chow in 2007 [27] studied the evaporation of water droplets 
while traveling in hot layer. The air-droplet system was analyzed by solving the mass, 
momentum and energy conservation equations for each phase. The droplet phase was 
described by the Lagrangian Approach. The Runge-Kutta algorithm was used to solve 
the ordinary differential equation group for the droplet motion with heat transfer. 
Droplet positions, velocities, temperatures and diameters were calculated while 























METHODOLOGY AND EXPERIMENTAL SET-UP 
        Experimental part has been basically done in two stages. The first stage has been 
conducted without mist and the second stage has been done with mist.  
 
3.1 First Stage (Without Mist) 
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        The first stage was devoted to find empirical relationship that relates the fan 
coverage area with fan diameter from one aspect and the fan coverage area with fan 
heights from the other aspect. For this stage of experiment, three fans have been 
selected with the following diameters (20 inch, 24 inch and 30 inch) as shown in 
figure 3.1. These fans were selected specifically to have exactly aerodynamic 
similarities except the length of diameter where we have three different lengths of 
diameters as stated above. 
 
 
Figure 3.1 Fans (20 inch, 24 inch and 30 inch) used in experiments 
 
          As shown in figure 3.2, the fans were leveled to their first diameter in height 
and then operated to take the airspeed measurements for each diameter of the three 
fans in front of each one, where we called it the coverage area domain. The airspeed 






Figure 3.2 Temperature domain for first fan diameter in height 
 
       Then the fans were leveled to their second, third, fourth, and fifth diameter in 
height in which the airspeed and temperature were measured in the same manner as 
stated in the previous paragraph. For different fan heights, see figure 3.3. 




Figure 3.3 Different fan heights 
 
 
3.1.1 Angle Effect (Without Mist)     
         Also one aspect that was included in the experiments was the angle effect of the 
fans. For zero angle as explained in default case, the airspeed and temperature effect 
could reach maximum range but for higher levels of fans like in the 4th Diameter and 
in the 5th Diameter, the area that is directly below the fan was not affected much and 
the airspeed and temperature decrease in that area were lesser than we wish to achieve 
thermal comfort, so because of that, the fans were angled down to 20 Diameter and 10 
Diameter angles as expressed in equations (3.1), (3.2) and (3.3); and the airspeed and 
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3.2 Second Stage (With Mist) 
        The second stage was devoted to investigate the temperature domain for the 
same three different fan diameters (20 inch fan diameter, 24 inch fan diameter and 30 
inch fan diameter) as shown in figure 3.1; and for different heights with mist; to find 
empirical relationship that relates temperature with fan diameter from one aspect and 
temperature with fan heights from the other aspect. 
       Mist system was attached to each fan consists of six nozzles each nozzle was of 
about 200 micrometer diameter with an operating pressure of about 50 bar as shown 
in figure 3.5. 
 
Figure 3.5 Fan with mist nozzles 
 
           As shown in figure 3.6, the fans were leveled to their first diameter in height 
and then operated with mist system to take the airspeed and temperature 
measurements in each diameter of this fan in front of it where we called it the 
temperature domain. The temperature was measured by placing sensitive 
thermometers at each diameter range till the maximum range of diameters is reached 





Figure 3.6 Temperature domain for first fan diameter in height with mist 
 
       Then the fans were leveled to their second, third, fourth, and fifth diameter in 
height, in which the airspeed and temperature were measured in the same manner as 
stated in the previous paragraph. For different fan highest, see figure 3.7. 
 
 
Figure 3.7 Different fan heights with mist 
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3.2.1 Angle Effect (With Mist) 
      Also one aspect that was included in the experiments was the angle effect of the 
fans same as it was done in the first stage. For zero angle as explained above, the 
temperature effect could reach maximum range but for higher levels of fans like in the 
4th Diameter and in the 5th Diameter, the area that is directly below the fan was not 
affected much and the temperature decrease in that area was lesser than we wish to 
achieve thermal comfort, so because of that the fans were angled down to 20 
Diameter and 10 Diameter angles as expressed in equations (3.1), (3.2) and (3.3); and 
the temperature was measured as shown in figure 3.8. 
 
 






3.3 Computational Study 
      The aim of the computational study is to built an experimentally verified 
mathematical model to be used in the design and optimization of water mist cooling 
systems and to compare the mathematical results to the experimental results and to get 
an insight  of how to apply such evaporative mist cooling for different places for 
different conditions. In this study, mathematical solution is presented based on 
experimental conditions, such dry bulb temperature, wet bulb temperature, relative 
humidity, operating pressure and fan airspeed. 
      All experimental conditions were kept the same for the three fans except the fan 
airspeed which varies according to different fan diameter. The mathematical study 
was conducted based on mass transfer diffusion equation to calculate the evaporation 
rate as a first step and based on energy balance equation to calculate the temperature 
for each fan as a second step.  
      In the thermodynamic modeling of an evaporating liquid-water droplet, use may 
be made of the transient form of the First Law of Thermodynamics applied to control 
volume with a moving boundary. There are some assumptions made for the model as 
follows: 
• The surface of the control volume coincides with the surface of the droplet. 
• The droplet is assumed to be in a spherical shape. 
• The heat transfer at the surface is due to convection. 
• The mass transfer occurs as evaporation takes place at the interface between 
the droplet and air. 
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• The temperature in the droplet is assumed to be uniform during the 
evaporation process.. 
 
3.4 Outline of the Present Work 
      Following this brief introduction is chapter 2, which is a review of the literature 
on climatic characteristics and features of regions of Saudi Arabia and the research on 
evaporative cooling systems, including some of their application. In chapter 3, a 
demonstration of methodology and experimental set-up is introduced with declaring 
special case studies. In chapter 4, an introduction is given as background of cooling 
methods and strategies generally of passive cooling, active cooling and comparison 
between evaporative coolers and electric coolers. In chapter 5, there is a detailed 
explanation of the method used to determine the fan airspeed experimentally. Chapter 
6 describes in detail the experimental set-up and methodology including the 
instrumentation and finally the experimental results. Chapter 7 contains a detailed 
discussion of the computational solution and results. In chapter 8, there is a detailed 
discussion of the results both the experimental and the computational and analyzing 
the data coming up with relations that the research was devoted for. This includes a 
detailed discussion of factors that affect the evaporation process in the evaporative 
cooling like air humidity, operating pressure, airspeed and air temperature. Chapter 9 









4.1 Passive Cooling 
     Before refrigeration technology first appeared, people kept cool using natural 
methods: breezes flowing through windows, water evaporating from springs and 
fountains as well as large amounts of stone and earth absorbing daytime heat. These 
ideas were developed over thousands of years as integral parts of building design. 
Today they are called "passive cooling." Ironically, passive cooling is considered an 
"alternative" to mechanical cooling that requires complicated refrigeration systems. 
By employing passive cooling techniques into modern buildings, we can eliminate 
mechanical cooling or at least reduce the size and cost of the equipment. 
4.1.1 Passive Cooling Strategies 
4.1.1.1 Natural Ventilation [28]  
       It depends solely on air movement to cool occupants. Window openings on 
opposite sides of the building enhance cross ventilation driven by breezes. Since 
natural breezes can't be scheduled, designers often choose to enhance natural 
ventilation using tall spaces within buildings called stacks. With openings near the 
top of the stack, warm air can escape, while cooler air enters the building from 
openings near the ground. Ventilation requires the building to be open during the day 




4.1.1.2 High Thermal Mass [29] 
         It depends on the ability of materials in the building to absorb heat during the 
day. Each night the mass releases heat, making it ready to absorb heat again the next 
day. To be effective, thermal mass must be exposed to the living spaces. Residential 
buildings are considered to have average mass when the exposed mass area is equal 
to the floor area. So, for every square foot of floor area there is one square foot of 
exposed thermal mass. A slab floor would be an easy way to accomplish this in a 
design. High mass buildings would have up to three square feet of exposed mass for 
each square foot of floor area. Large masonry fireplaces and interior brick walls are 
two ways to incorporate high mass 
4.1.1.3 High Thermal Mass with Night Ventilation  
        It relies on the daily heat storage of thermal mass combined with night 
ventilation that cools the mass. The building must be closed during the day and 
opened at night to flush the heat away. 
4.1.1.4 Evaporative Cooling  
        It lowers the indoor air temperature by evaporating water. In dry climates, this 
is commonly done directly in the space. But indirect methods, such as roof ponds, 
allow evaporative cooling to be used in more temperate climates too. 
           Ventilation and evaporative cooling are often supplemented with mechanical 
means, such as fans. Even so, they use substantially less energy to maintain comfort 
compared to refrigeration systems. It is also possible to use these strategies in 
completely passive systems that require no additional machinery or energy to operate. 
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4.1.2 Which Passive Cooling Strategy is Right to Use? 
        Passive cooling is based on the interaction of the building and its surroundings. 
Before adopting a passive cooling strategy, we must be sure that it matches our local 
climate. 
        In the book Sun, Wind and Light [30], G.Z. Brown identifies the four passive 
cooling strategies discussed above: natural ventilation, evaporative cooling, high 
thermal mass and high thermal mass with night ventilation. All these passive cooling 
strategies rely on daily changes in temperature and relative humidity. We can identify 




Figure 4.1 Bioclimatic chart 
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        This bioclimatic chart defines the four passive cooling strategies based on 
temperature and relative humidity. This chart can be used to determine which passive 
cooling strategies are appropriate for the climate at the building site. 
First, we find the following local weather information for each of the months of the 
year: 
• average maximum temperature  
• average minimum temperature  
• average maximum relative humidity  
• average minimum relative humidity  
         This information can be found in weather records kept by most local airports. 
An extensive list of climate data can be seen on the World Wide Web at 
www.ugems.psu.edu/~owens/climate.html. 
         On the bioclimatic chart, we plot two points for each month. The first point is 
the minimum temperature and the maximum relative humidity (RH). The second 
point is the maximum temperature and the minimum RH. (Note that the highest 
temperature is paired with the lowest RH and vice versa.) We connect these points 
with a line we plot a similar line for each month. Each line represents the change in 
temperature and RH over an average day. 
         Passive cooling strategies are shown on this version of the bioclimatic chart as 
overlapping zones. When our lines cross zones, it indicates that this strategy may 
work for our climate. Some months may lend themselves to several different 
strategies. To reduce cost, we would probably choose one or two strategies that are 
compatible with each other and the building design. 
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          These passive cooling concepts address getting rid of heat that accumulates in 
buildings. Of course, we also want to reduce heat gains in the first place with high 
insulation levels, heat blocking windows, proper solar orientation and good shading 
from building elements and vegetation. 
            Passive solar heating can also be assessed using the bioclimatic chart. Passive 
solar heating is usually an appropriate strategy when the plotted lines fall anywhere 















4.2 Active Cooling 
       Active cooling is the method of supplying cooling with the help of mechanical 
cooling systems like fans, air conditioners and cooling towers. 
       The active cooling can be generated by air blowing devices like fans or can be 
generated by water as in cooling towers or it can generated by both air and water 
together known as evaporative active cooling. 
        We have all noticed how cool it feels near a waterfall on a hot summer day. 
That's evaporative cooling: the reduction in air temperature that occurs when water 
evaporates. Evaporative coolers, commonly called "swamp coolers," use this effect to 
cool homes. Evaporative coolers have a low first cost, use a lot less electricity than 
conventional air conditioners, and do not use refrigerants, such as chlorofluorocarbons 
(CFCs) and hydro-chlorofluorocarbons (HCFCs), which can harm the ozone layer. 
There are two types of evaporative coolers: direct and indirect. 
• In a direct evaporative cooler, a blower forces air through a permeable, water-
soaked pad (fan-pad) or fog/mist system. As the air passes through the pad, it 
is filtered, cooled, and humidified. 
• An indirect evaporative cooler has a secondary heat exchanger which prevents 
humidity from being added to the air stream which enters the home. 
4.2.1 Evaporative Cooling Methods 
         When water evaporates, it absorbs a large amount of heat from its surroundings 
(about 1000 BTU per pound of water evaporated) [31]. The most familiar example of 
this is the cooling effect of evaporating perspiration on the human skin. In arid, hot 
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climates, body temperature is partially controlled by the rapid evaporation of 
perspiration from the surface of the skin. In hot climates with high atmospheric 
moisture, the cooling effect is less because the high moisture content of the 
surrounding air. In both situations, however, the evaporation rate is raised as air 
movement is increased. Both of these facts can be applied to natural cooling of 
structures.  
          Evaporative methods can be used to enhance the cooling rates in convective 
cooling systems. One way of doing this is to bring the outdoor air into the house 
through a moist filter or pad as shown in Figure 4.2. The familiar evaporative cooler, 
precursor to the air conditioner, is a mechanical system which uses these principles 
with a motor to force air movement and distribution. Passive cooling strategies with 
earth tubes and/or cool towers use the same principles but utilize natural systems for 
air drivers and distribution.  
 
 




         Cool towers utilize wet cooling pads, and the force of gravity. Heavier, cooled 
air "falls", via gravity, into the building and its momentum floods the habitable area.  
This cool tower action can be enhanced and distribution extended, by the placement 
of thermal chimney "drivers" which can pull the cooled air through the building with 
an increase in both air quantity and velocity. In either case, the cooler air now has a 
higher relative humidity, but this is not usually a problem and can even be a benefit in 
arid climates.  
         In some areas, there may be a time of higher humidity (desert monsoon season). 
While sensible heat continues to be mitigated by passive cooling techniques, the latent 
heat contained in the humid air is more difficult to dissipate, which renders 
evaporative cooling less effective. The integration of air dehumidification system 
easily corrects this short term problematic condition.   
           With all evaporative cooling methods, it is important to maximize airflow 
across the exposed water. Fresh air must be continually available to replace the humid 
air being built up near or over the water. Failing this, air will be quickly saturated with 
water vapor, and the evaporation and cooling rates will decline abruptly. Lips, edges 
and other structures or buildings that could block or deflect prevailing winds away 
from the water surfaces should be studiously avoided. Sometimes, a small fan to 
disturb the air over a pond will greatly aid the evaporation rate on a hot, sultry day or 
night.  
         Even with direct, active evaporative cooler systems, provision of interior 
thermal mass combined with direct evaporative cooling is a combination that works 
effectively. During the day, the structure can utilize the stored coolness in the walls 
and floors, and maintain an improved level of comfort while reducing power 
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requirements of direct evaporative cooler system. In many areas which are considered 
hot, arid zones, periods of higher humidity renders mechanical evaporative cooling 
unsatisfactory even when optimized techniques are used. A solution to this is the two-
stage evaporative cooling system, which has been shown to be an effective alternative 
to direct evaporative cooling or refrigerated air-conditioning.  
          While not a passive system, two-stage evaporative cooling is an important 
element to be considered as part of passive cooling strategies. Cooling is 
accomplished by pre-cooling ambient air without humidification before further 
cooling by evaporation. The cool air entering the structure is then exhausted, typically 
through areas of heat gain such as windows or the attic. The pre-cooling may be 
accomplished by a combined cooling tower, heat exchanger unit, or by nocturnally 
cooled rock bed through which air is drawn. The second stage, evaporative cooling, is 
accomplished by a standard commercial evaporative cooling device, or by passive 
cooling elements of earth tubes or cool towers. Rock bed mechanical cooling has been 
used extensively in Australia with high degrees of effectiveness. 
       Two-stage evaporative system can also be combined with active and hybrid solar 
heating systems using the same storage (rock bed) system for both seasons. This type 
of system is necessarily suited for new construction because of the requirement for the 
rock bed, which is most effectively located beneath the structure. It works well during 
hot, humid periods using only slightly more power than direct evaporative cooling 
and the comfort attained is similar to that of refrigerated air-conditioning.  
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        Recuperative and regenerative evaporative cooling options are other methods to 
produce greater comfort using evaporative cooling. These techniques use the 
relatively cool air exhausted from the structure to improve the performance of the 
evaporative cooling device. Evaporatively cooled water reduces in temperature the 
ambient air in the heat exchanger without humidification as it enters the structure. The 
cool, dry air warms a few degrees as it passes through the structure and exits through 
the evaporative cooling device or a cooling structure. Since the exiting air is cool and 
dry, the wet bulb temperature is lower and the water produced by the evaporative 
cooling device is cooler than if ambient air were used. The rock bed heat exchanger 
and the evaporative cooling device could be combined into a single unit. If the rock 
bed is used to store heat in the winter, the cost effectiveness of the system is 
improved.  
       Because of the large volumes of air that are moved in an effective evaporative 
system, the ducts must be large and appropriately sized. Typically, evaporative cooler 
ducts are at least three times the cross-section area of ducts refrigeration; ducts should 
be laid out using the shortest route possible and a minimum of turns. Evaporative 
cooling has been shown to be an effective alternative to refrigerated air-conditioning 
throughout the desert regions of the southwest of US. The selection of the particular 
evaporative cooling techniques must be made carefully through analyzing the local 
climatic conditions. These cooling systems should be integrated into the design of the 
home and where possible, with the design of the solar heating system. By integrating 
these systems at the design stage, greater efficiencies and more attractive economics 





4.3 Comparisons to Air Conditioning 
 
       Comparison of evaporative cooling to electric air conditioning according to 
reference [32]: 
 
Less expensive to install 
• Estimated cost for installation is 1/8 to 1/2 that of refrigerated air conditioning  
Less expensive to operate 
• Estimated cost of operation is 1/4 that of refrigerated air.  
• Power consumption is limited to the fan and water pump vs. compressors, 
pumps, and blowers in case of refrigerated air. 
Ease of Maintenance 
• The only two mechanical parts in most basic evaporative coolers are the fan 
motor and the water pump, both of which can be repaired for very little cost 
and often by a mechanically able homeowner.  
Ventilation air 
• The constant and high volumetric flow rate of air through the building reduces 
the age-of-air in the building dramatically.  
• Evaporative cooling increases humidity, which, in dry climates, may improve 
the breath ability of the air.  
• The pad itself acts as a rather effective air filter when properly maintained; it 
is capable of removing a variety of contaminants in air, including urban ozone 
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caused by pollution, regardless of very dry weather. Refrigeration-based 
cooling systems lose this ability whenever there is not enough humidity in the 
air to keep the evaporator wet while providing a constant trickle of condensate 
that washes out dissolved impurities removed from the air.  
• Carbon Dioxide emissions are many times lower than refrigerated [33]. 
• Evaporative cooling systems produce thermal comfort for people especially in 
the dry weather; but it may cause them thermal discomfort in the humid 
regions when the humidity registers high values. Basically, the feeling of 
comfort or discomfort depends on many factors such as air temperature, 
temperature of adjacent surfaces, air humidity, air movements, and 
individual's health and perception. When the climatic conditions are such that 
the rate of exchange of heat between the body and the environment are in 
balance then this range of environmental temperature is called the comfort 
zone. In the comfort zone, the heat balance is maintained primarily by 
regulating the flow of blood in the body. For a clothed and resting person this 
zone lies between 20 and 23 degrees centigrade. When the surrounding 
temperature is slightly above the comfort zone, the body uses the additional 
mechanism of perspiration to maintain the body temperature. The range of 
temperature where this happens is called the zone of evaporative control. The 
maximum temperature that the body can deal with in this way is called the 
limit of tolerance.  Rise in temperature beyond this level can cause heat stroke 
and event death. At temperature below zone of comfort the body maintains its 
temperature by body generating more heat internally, which results in loss of 
heat from the body. This is called the zone of cooling. In this zone the the 
temperature of the peripheral parts of the body reduces, which the body is able 
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to withstand, however continued reduction causes reduction in core body 
temperature leading to death by freezing. The comfort chart (figure 4.3) relates 
effective temperature, dry-bulb temperature, relative humidity, wet-bulb 
temperature, and air movement to human comfort. This chart indicates 
comfort zones of people for different weather conditions [34]. 
 
 
Figure 4.3 Comfort chart 
 
 
         In this chart, the air temperature is plotted on the vertical axis and 
relative humidity on the horizontal axis. The shaded solid line area near the 
center of the graph shows the combination of temperature and humidity which 
most humans would find comfortable during the summer if they are sitting in 
the shade. The dotted area shows the comfort zone for the winter. It is 
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interesting to see that the human body can actually adjust somewhat to 
different seasons.  
The climatic elements around the comfort zone are shown by means of curves, 
which indicate the nature of corrective measures necessary to restore the 
feeling of comfort at any point outside the comfort zone. For any point of 
known dry-bulb temperature and relative humidity, which falls within the 






















FAN AIRSPEED MEASUREMENT 
         The determination of fan airspeed is important since it plays the biggest role in 
evaporation process and in determination of the area covered for each fan. 
          For the lack of information of fan airspeed for the three fans used in the 
experiment, it was necessary to think about some way to measure the fan airspeed for 
each fan.  
           The measurement of fan airspeed was done in two stages. The first stage was to 
find a relationship for calculating the fan airspeed by using a small fan connected to a 
voltmeter in the following manner. By using a car moving in different speeds while 
the small fan was fixed outside the car and taking the readings of the voltmeter for 
each car speed as shown in figure 5.1. A relationship that relates airspeed and voltage 
is now available and could be used later to calculate each fan airspeed as stated in the 
second stage.  
 




The experimental data is shown in table 5.1. 
 
Table 5.1 Experimental data of airspeed versus voltage 


































The relation of Voltmeter versus airspeed is shown in figure 5.2. 
 
 
Figure 5.2 Relation of airspeed and voltage of airspeed measuring device 
 
 
Equation (5.1) relates the fan airspeed and voltage. 
 
Fan airspeed =    
59.01395.367.0069.00036.0106.7 2345675 −+−+−+−− VoltVoltVoltVoltVoltVoltVoltx …………...(5.1) 
 








      In the second stage, the airspeed is measured for each fan with the small fan and 
with the voltmeter at the discharge side or intake into a fan. Airspeeds are more 
accurately determined on the discharge side of the fan than on the inlet side according 
to reference [35]. Many readings should be taken across the face of the fan to get an 
average airspeed. Because this is a rather crude field measurement, including as many 
readings as possible, using the nine readings shown in the fan figure as a minimum as 
shown in figure 5.3. Each measurement represents only a very small area of airflow 
over the fan face. Airspeed varies greatly across the face of a fan, with highest 
velocities coming off the blade tips and minimal velocity near the drive shaft. 
Velocities are determined near the blade tip, at the blade midpoint, and at the center of 








      While measuring, it is preferred to step back out of the airflow, to the side of the 
fan when possible to minimize the amount of airflow that the body blocks. A long 
cable attaching the small fan and the voltmeter offers an advantage here. 
 
 
Figure 5.4 Variation in airspeed coming off fan tips versus near fan hub 
 
 
      Instead of using this method in measuring fan airspeed, there are several 
instruments which are appropriate for measuring the fast airspeed exiting a fan, listed 















The 20-inch fan: 
 
• Maximum voltage reading is 0.65 
• Maximum airspeed corresponds to voltage reading is 4.74 m/s 
 
The 24-inch fan: 
 
• Maximum voltage reading is 1.12 V  
• Maximum airspeed corresponds to voltage reading is 6.36 m/s 
 
The 30-inch fan: 
 
• Maximum voltage reading is 1.95 V 
• Maximum airspeed corresponds to voltage reading is 7.99 m/s 
 
 
Table 5.2 Airspeed of the three fans 
Fan Type 20-inch Fan 24-inch Fan 30-inch Fan 
Diameter (m) 0.5 0.6 0.75 













EXPERIMENTAL SET-UP AND TEQUNIQUES 
        In this chapter, experimental procedure and results are presented for the first 
stage (without mist) and for the second stage with (mist). 
6.1 First Stage (Without Mist)           
        The first stage is devoted to find empirical relationship that relates the fan 
coverage area with fan diameter from one aspect and the fan coverage area with fan 
heights from the other aspect. For this stage of experiment, three fans are selected 
with the following diameters (20 inch, 24 inch and 30 inch). These fans are selected 
specifically to have exactly aerodynamic similarities except the length of diameter 
where we have three different lengths of diameters as stated above. 
          It was proposed to measure the temperature for each diameter in the coverage 
area of each fan but that it was difficult because of the minor differences of 
temperature reading and it was impossible to be able to note these little differences 









6.1.1 20-inch Fan 




Figure 6.1. Reading locations taken across the 20-inch fan  
 
6.1.1.1 1-Diameter in Height 
The 20-inch fan is leveled for its first diameter in height as shown in figure 6.2. 
 




The airspeed is measured for each diameter converge area for the first diameter in 
height and tabulated in table 6.1  
 
Table 6.1 Airspeed measurements of 20-inch fan (DS) for 1-diameter in height (h =1) 
































6.1.1.2 2-Diameter in Height 
       The 20-inch fan is leveled for its second diameter in height. The airspeed is 
measured for each diameter converge area and tabulated in table 6.2 
 
Table 6.2 Airspeed measurements of 20-inch fan (DS) for 2-diameter in height (h =2) 



































6.1.1.3 3-Diameter in Height 
         The 20-inch fan is leveled for its third diameter in height. The airspeed is 
measured for each diameter converge area and tabulated in table 6.3 
Table 6.3 Airspeed measurements of 20-inch fan (DS) for 3-diameter in height (h =3) 

































6.1.1.4 4-Diameter in Height 
         The 20-inch fan is leveled for its fourth diameter in height. The airspeed is 
measured for each diameter converge area and tabulated in table 6.4. 
Table 6.4 Airspeed measurements of 20-inch fan (DS) for 4-diameter in height (h =4) 



































6.1.1.5 5-Diameter in Height 
        The 20-inch fan is leveled for its fifth diameter in height. The airspeed is 
measured for each diameter converge area and tabulated in table 6.5 
Table 6.5 Airspeed measurements of 20-inch fan (DS) for 5-diameter in height (h =5) 

































        The airspeed measurements of 20-inch fan for all heights are plotted in figure 6.8 















6.1.1.6 Angle Effect of 20-inch Fan  
           The angle effect of the fans is included in the experiments. For zero angle (θ0) 
as explained in default case, the airspeed and temperature effect could reach 
maximum range but for higher levels of fans like in the 4th Diameter and in the 5th 
Diameter, the area that is directly below the fan is affected and the airspeed and 
temperature decrease in that area could be lesser than we wish to achieve thermal 
comfort, so because of that, the fans are configured to different angles as expressed in 
equations (6.1), (6.3) and (6.2); and the airspeed is measured as shown in figure 6.9. 
 
 
tan θ0 = 
∞
D5  = 0                         θ0 = 0    (default case)                                       (6.1) 
 
tan θ1 = D
D
10
5   =  
2
1                     θ1 = 26.56o                                                         (6.2) 
 
tan θ2 = D
D
5





















Table 6.6 Airspeed measurements of 20-inch fan (DS) for angle case 
20-inch Fan (angle case) 
Airspeed (m/s ) Range in 
diameter 
(DS) θ0 θ1 θ2 
1 0 0 0.01 
2 0 0.01 0.02 
3 0 0.03 0.05 
4 0.01 0.06 0.11 
5 0.03 0.11 0.19 
6 0.08 0.19 0.29 
7 0.14 0.28 1.25 
8 0.27 1.4 0.9 
9 1.5 1.1 0.55 
10 1 0.65 0 
11 0.55 0.25 0 
12 0.1 0 0 
13 0.05 0 0 



















6.1.1.7 Side-wise Investigation of 20-inch Fan  
       As shown in figure 6.8, the maximum covered area range of the 20-inch fan is 16 
diameters front-wise (16DS) in the fourth diameter in height. The side-wise maximum 
range is investigated as shown in figure 6.11.  
 
 









         The airspeeds were measured along the 8the diameter (8DS) front wise location 
where the maximum airspeed value was registered before.   
 
Table 6.7 Airspeed measurements in the side-wise of 20-inch Fan  
20-inch Fan (side-wise) 
Airspeed (m/s) Distance in 
diameter 
(DS) 
1-D side-wise 2-D side-wise 3-D side-wise 










6.1.2 24-inch Fan 
The airspeed of the 24-inch fan was measured as discussed in detail in chapter 5. 
 
 
 6.1.2.1 1-Diameter in Height 
         The 24-inch fan is leveled for its first to fifth diameters consequently as the 
same as it has been done for the 20-inch fan shown in figure 6.2. 
 
         The airspeed is measured for each diameter converge area for the first diameter 
in height and tabulated in table 6.8  
 
Table 6.8 Airspeed measurements of 24-inch fan (Dm) for 1-diameter in height (h =1) 




























6.1.2.2 2-Diameter in Height 
         The 24-inch fan is leveled for its second diameter in height. The airspeed is 
measured for each diameter converge area and tabulated in table 6.9 
 
Table 6.9 Airspeed measurements of 24-inch fan (Dm) for 2-diameter in height (h =2) 

































6.1.2.3 3-Diameter in Height 
       The 24-inch fan is leveled for its third diameter in height. The airspeed is 
measured for each diameter converge area and tabulated in table 6.10 
Table 6.10 Airspeed measurements of 24-inch fan (Dm) for 3-diameter in height (h =3) 































6.1.2.4 4-Diameter in Height 
        The 24-inch fan is leveled for its fourth diameter in height. The airspeed is 
measured for each diameter converge area and tabulated in table 6.11 
Table 6.11 Airspeed measurements of 24-inch fan (Dm) for 4-diameter in height (h =4) 































6.1.2.5 5-Diameter in Height 
       The 24-inch fan is leveled for its fifth diameter in height. The airspeed is 
measured for each diameter converge area and tabulated in table 6.12 
Table 6.12 Airspeed measurements of 24-inch fan (Dm) for 5-diameter in height (h =5) 






























         The airspeed measurements of 24-inch fan for all heights are plotted in figure 














6.1.2.6 Angle Effect of 24-inch Fan  
           The angle effect of the 24-inch fan is included in the experiments. For zero 
angle (θ0) as explained in default case, the airspeed and temperature effect could reach 
maximum range but for higher levels of fans like in the 4th Diameter and in the 5th 
Diameter, the area that is directly below the fan is affected and the airspeed and 
temperature decrease in that area could be lesser than we wish to achieve thermal 
comfort, so because of that, the fans are configured to different angles as expressed in 
equations (6.1), (6.3) and (6.2); and the airspeed is measured as shown in figure 6.9. 
 
Table 6.13 Airspeed measurements of 24-inch fan (Dm) for angle case 
24-inch Fan (angle case) 
Airspeed (m/s ) Range in 
diameter 
(Dm) θ0 θ1 θ2 
1 0 0 0.06 
2 0 0.03 0.16 
3 0 0.1 0.25 
4 0.03 0.2 0.4 
5 0.11 0.3 0.6 
6 0.25 0.5 1.39 
7 0.49 1.44 1.15 
8 1.47 1.14 0.8 
9 0.95 0.7 0 
10 0.5 0.2 0 
11 0.2 0 0 


























6.1.2.7 Side-wise Investigation of 24-inch Fan  
        As shown in figure 6.18, the maximum covered range of the 24-inch fan is 14  
diameters front-wise (14Dm) in the fourth diameter in height. The side-wise maximum 
range is investigated as shown in figure 6.11.   
          The airspeeds were measured along the 7the diameter (7Dm) front wise location 
where the maximum airspeed value was registered before.   
 
Table 6.14 Airspeed measurements in the side-wise of 24-inch Fan  
24-inch Fan (side-wise) 
Airspeed (m/s) Distance in 
diameter 
(Dm) 
1-D side-wise 2-D side-wise 3-D side-wise 
7 2.87 1.2 0 
 
 
Figure 6.20 Airspeed measurements in the side-wise of 24-inch Fan 
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6.1.3 30-inch Fan 
The airspeed of the 30-inch fan was measured as discussed in detail in chapter 5. 
 
 
6.1.3.1 1-Diameter in Height 
          The 30-inch fan is leveled for its first to fifth diameters consequently as the 
same as it has been done  for the 20-inch fan and 24-inch fan shown in figure 6.2. 
 
          The airspeed is measured for each diameter converge area for the first diameter 
in height and tabulated in table 6.15. 
 
Table 6.15 Airspeed measurements of 30-inch fan (DL) for 1-diameter in height (h =1) 






























6.1.3.2 2-Diameter in Height 
         The 30-inch fan is leveled for its second diameter in height. The airspeed is 
measured for each diameter converge area and tabulated in table 6.16 
 
Table 6.16 Airspeed measurements of 30-inch fan (DL) for 2-diameter in height (h =2) 






























6.1.3.3 3-Diameter in Height 
        The 30-inch fan is leveled for its third diameter in height. The airspeed is 
measured for each diameter converge area and tabulated in table 6.17 
Table 6.17 Airspeed measurements of 30-inch fan (DL) for 3-diameter in height (h =3) 






























6.1.3.4 4-Diameter in Height 
        The 30-inch fan is leveled for its forth diameter in height. The airspeed is 
measured for each diameter converge area and tabulated in table 6.18. 
 
Table 6.18 Airspeed measurements of 30-inch fan (DL) for 4-diameter in height (h =4) 

































6.1.3.5 5-Diameter in Height 
        The 30-inch fan is leveled for its fifth diameter in height. The airspeed is 
measured for each diameter converge area and tabulated in table 6.19 
Table 6.19 Airspeed measurements of 30-inch fan (DL) for 5-diameter in height (h =5) 































         The airspeed measurements of 30-inch fan for all heights are plotted in figure 














6.1.3.6 Angle Effect of 30-inch Fan  
           The angle effect of the 30-inch fan is included in the experiments. For zero 
angle (θ0) as explained in default case, the airspeed and temperature effect could reach 
maximum range but for higher levels of fans like in the 4th Diameter and in the 5th 
Diameter, the area that is directly below the fan is affected and the airspeed and 
temperature decrease in that area could be lesser than we wish to achieve thermal 
comfort, so because of that, the fans are configured to different angles as expressed in 
equations (6.1), (6.3) and (6.2); and the airspeed is measured as shown in figure 6.9.  
 
Table 6.20 Airspeed measurements of 30-inch fan (DL) for angle case 
30-inch Fan (angle case) 
Airspeed (m/s ) Range in 
diameter 
(DL) θ0 θ1 θ2 
1 0 0 0.2 
2 0 0.13 0.35 
3 0 0.25 0.6 
4 0.16 0.6 0.9 
5 0.53 1 1.7 
6 1.03 1.8 1.19 
7 1.91 1.3 0.75 
8 1.1 0.75 0 
9 0.5 0 0 




























6.1.3.7 Side-wise Investigation of 30-inch Fan  
          As shown in figure 6.26, the maximum covered range of the 30-inch fan is 12 
diameters front-wise (12DL) in the fourth diameter in height. The side-wise maximum 
range is investigated as shown in figure 6.11.   
          The airspeeds were measured along the 6the diameter (6DL) front wise location 
where the maximum airspeed value was registered before.   
 
Table 6.21 Airspeed measurements in the side-wise of 30-inch Fan  
30-inch Fan (side-wise) 
Airspeed (m/s) Distance in 
diameter 
(DL) 
1-D side-wise 2-D side-wise 3-D side-wise 
6 3.68 1.5 0 
 
 
Figure 6.28 Airspeed measurements in the side-wise of 30-inch Fan 
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6.2 Second Stage (With Mist) 
 
6.2.1 Experimental Setup and Equipments 
          The second stage is devoted to investigate the temperature domain for the same 
three different fan diameters (20 inch fan diameter, 24 inch fan diameter and 30 inch 
fan diameter) used in the first stage as shown in figure 3.1; and for different heights 
with mist; to find empirical relationship that relates temperature with fan diameter 
from one aspect and temperature with fan heights from the other aspect. 
       Mist system was attached to each fan consists of six nozzles, each nozzle was of 
about 200 micrometer diameter with an operating pressure of about 50 bar as shown 
in figure 6.29. 
 
Figure 6.29 Fan with mist nozzles 
 
         To generate mist, an air small pump is used to pump the water from a reservoir 
to a water pump which pumps the water with a pressure of about 50 bar to the nozzles 






























Figure 6.34 Conducting experiments with my advisor Dr. Ahmed AL-Garni 
 
 
        There were some instruments used in the experiments to measure the airspeed as 
discussed in detail in chapter 4, also there were thermometers used to measure the 
temperature and humidity as shown in the following figures.  
 
 






Figure 6.36 A very sensitive remote-laser thermometer used in the experiments 
 
 
Figure 6.37 An instrument used to measure temperature and relative humidity 
 
 
Figure 6.38 An instrument used to measure the relative humidity 
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          In the second stage, the experimental procedure is exactly repeated the same 
way of the first stage but adding the effect of the mist, keeping in mind the air 
temperature is about 40 0C and the relative humidity is about 50%.     
 
6.2.2 20-inch Fan (with mist) 
6.2.2.1 1-Diameter in Height  
The 20-inch fan is leveled for its first diameter in height as shown in figure 6.39. 
 
 
Figure 6.39 20-inch fan (DS) for the first 1-diameter in height (h = 1D) (with mist)  
 
The temperature is measured for each diameter converge area for the first diameter in 







Table 6.22 Temperature measurements of 20-inch fan (DS) for 1-diameter in height  
(h = 1D) (with mist) 
























Figure 6.40 Temperature measurements of 20-inch fan (DS) for 1-diameter in height 













6.2.2.2 2-Diameter in Height  
       The 20-inch fan is leveled for its second diameter in height. The temperature is 
measured for each diameter converge area and tabulated in table 6.23 
 
 
Table 6.23 Temperature measurements of 20-inch fan (DS) for 2-diameter in height  
(h = 2D) (with mist) 




















Figure 6.41 Temperature measurements of 20-inch fan (DS) for 2-diameter in height 













6.2.2.3 3-Diameter in Height  
        The 20-inch fan is leveled for its third diameter in height. The temperature is 
measured for each diameter converge area and tabulated in table 6.24 
 
 
Table 6.24 Temperature measurements of 20-inch fan (DS) for 3-diameter in height  
(h = 3D) (with mist) 





















Figure 6.42 Temperature measurements of 20-inch fan (DS) for 3-diameter in height 












6.2.2.4 4-Diameter in Height  
        The 20-inch fan is leveled for its fourth diameter in height. The temperature is 
measured for each diameter converge area and tabulated in table 6.25 
 
 
Table 6.25 Temperature measurements of 20-inch fan (DS) for 4-diameter in height  
(h = 4D) (with mist) 























Figure 6.43 Temperature measurements of 20-inch fan (DS) for 4-diameter in height 













6.2.2.5 5-Diameter in Height  
         The 20-inch fan is leveled for its fifth diameter in height. The temperature is 
measured for each diameter converge area and tabulated in table 6.26 
 
Table 6.26 Temperature measurements of 20-inch fan (DS) for 5-diameter in height  
(h = 5D) (with mist) 






















Figure 6.44 Temperature measurements of 20-inch fan (DS) for 5-diameter in height 












         The temperature measurements of 20-inch fan for all heights are plotted in 














6.2.2.6 Angle Effect of 20-inch Fan (with mist)  
           As done in the first stage, the angle effect of the three fans is also investigated 
in the second stage with mist; Starting with the 20-inch fan by using equations (6.4), 
(6.5) and (6.6); measuring the temperature as shown in figure 6.44. 
 
tan θ0 = 
∞
D5  = 0                         θ0 = 0    (default case)                                       (6.4) 
 
tan θ1 = D
D
10
5   =  
2
1                     θ1 = 26.56o                                                         (6.5) 
 
tan θ2 = D
D
5








Table 6.27 Temperature measurements of 20-inch fan (DS) for angle case (with mist) 
20-inch Fan (angle case) 
Temperature (0C ) Range in 
diameter 
(DS) θ0 θ1 θ2 
1 39.9 38.9 37.9 
2 38.4 37.4 36.4 
3 37.3 36.3 35.3 
4 36.5 35.5 34.5 
5 35.7 34.7 33.7 
6 35.1 34.1 33.4 
7 34.7 33.7 33 
8 34.4 33.4 32.7 
9 33.7 32.7 33.2 
10 32.6 33.4 34.9 
11 32.9 34.4 36.7 
12 33.7 36 40 
13 34.8 37.7  
14 36.5 40  
15 38.9   



















6.2.2.7 Side-wise Investigation of 20-inch Fan (with mist) 
         As shown in figure 6.45, the maximum covered range of the 20-inch fan is 18 
diameters front-wise (18DS) in the fourth diameter in height. The side-wise maximum 
range is investigated as shown in figure 6.48. 
 










         The temperatures were measured along the 11the diameter (11DS) front wise 
location where the minimum temperature value was registered before.   
 
Table 6.28 Temperature measurements in the side-wise of 20-inch Fan (DS) (with mist)  
20-inch Fan (side-wise) 







































6.2.3 24-inch Fan (with mist) 
6.2.3.1 1-Diameter in Height  
         The 24-inch fan is leveled for its first to fifth diameters consequently as the 
same as it has been done for the 20-inch fan shown in figure 6.39. 
         The temperature is measured for each diameter converge area for the first 
diameter in height and tabulated in table 6.29  
 
Table 6.29 Temperature measurements of 24-inch fan (Dm) for 1-diameter in height 
(h = 1D) (with mist) 

















Figure 6.50 Temperature measurements of 24-inch fan (Dm) for 1-diameter in height 













6.2.3.2 2-Diameter in Height  
        The 24-inch fan is leveled for its second diameter in height. The temperature is 
measured for each diameter converge area and tabulated in table 6.30 
 
Table 6.30 Temperature measurements of 24-inch fan (Dm) for 2-diameter in height 
(h = 2D) (with mist) 



















Figure 6.51 Temperature measurements of 24-inch fan (Dm) for 2-diameter in height 













6.2.3.3 3-Diameter in Height  
        The 24-inch fan is leveled for its third diameter in height. The temperature is 
measured for each diameter converge area and tabulated in table 6.31 
 
Table 6.31 Temperature measurements of 24-inch fan (Dm) for 3-diameter in height 
(h = 3D) (with mist) 




















Figure 6.52 Temperature measurements of 24-inch fan (Dm) for 3-diameter in height 













6.2.3.4 4-Diameter in Height  
         The 24-inch fan is leveled for its fourth diameter in height. The temperature is 
measured for each diameter converge area and tabulated in table 6.32 
 
Table 6.32 Temperature measurements of 24-inch fan (Dm) for 4-diameter in height 
(h = 4D) (with mist) 






















Figure 6.53 Temperature measurements of 24-inch fan (Dm) for 4-diameter in height 













6.2.3.5 5-Diameter in Height  
        The 24-inch fan is leveled for its fifth diameter in height. The temperature is 
measured for each diameter converge area and tabulated in table 6.33 
 
Table 6.33 Temperature measurements of 24-inch fan (Dm) for 5-diameter in height 
(h = 5D) (with mist) 




















Figure 6.54 Temperature measurements of 24-inch fan (Dm) for 5-diameter in height 
















         The temperature measurements of 24-inch fan for all heights are plotted in 














6.2.3.6 Angle Effect of 24-inch Fan (with mist)  
           As done in the first stage, the angle effect of the 24-inch fan is also 
investigated in the second stage with mist using equations (6.4), (6.5) and (6.6); 
measuring the temperature as shown in figure 6.46. 
 
Table 6.34 Temperature measurements of 24-inch fan (Dm) for angle case (with mist) 
24-inch Fan (angle case) 
Temperature (0C ) Range in 
diameter 
(Dm) θ0 θ1 θ2 
1 39.9 38.9 37.8 
2 38.4 37.4 36.1 
3 37.3 36.3 35.4 
4 36.5 35.5 34.8 
5 35.7 34.7 33.9 
6 35.1 34.1 33 
7 34.5 33 32 
8 33.5 32 33.1 
9 32.1 33.3 35.1 
10 32.8 34.6 40 
11 34.2 36.9  
12 36.2 40  
13 38.2   



















6.2.3.7 Side-wise Investigation of 24-inch Fan (with mist) 
         As shown in figure 6.55, the maximum covered range of the 24-inch fan is 16 
diameters front-wise (16Dm) in the fourth diameter in height. The side-wise maximum 
range is investigated as shown in figure 6.48.   
         The temperatures were measured along the 10the diameter (10Dm) front wise 
location where the minimum temperature value was registered before.   
 
Table 6.35 Temperature measurements in the side-wise of 24-inch Fan (Dm) (with mist)  
24-inch Fan (side-wise) 

























10 31.8 32.5 33.3 34.5 36 38 40 
 
Figure 6.57 Temperature measurements in the side-wise of 24-inch Fan (Dm) (with mist) 
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6.2.4 30-inch Fan (with mist) 
6.2.4.1 1-Diameter in Height  
         The 30-inch fan is leveled for its first to fifth diameters consequently as the 
same as it has been done for the 20-inch fan shown in figure 6.39. 
          The temperature is measured for each diameter converge area for the first 
diameter in height and tabulated in table 6.36  
 
 
Table 6.36 Temperature measurements of 30-inch fan (DL) for 1-diameter in height  
(h = 1D) (with mist) 



















Figure 6.58 Temperature measurements of 30-inch fan (DL) for 1-diameter in height 














6.2.4.2 2-Diameter in Height  
         The 30-inch fan is leveled for its second diameter in height. The temperature is 
measured for each diameter converge area and tabulated in table 6.37 
 
 
Table 6.37 Temperature measurements of 30-inch fan (DL) for 2-diameter in height  
(h = 2D) (with mist) 















Figure 6.59 Temperature measurements of 30-inch fan (DL) for 2-diameter in height 













6.2.4.3 3-Diameter in Height  
          The 30-inch fan is leveled for its third diameter in height. The temperature is 
measured for each diameter converge area and tabulated in table 6.38 
 
Table 6.38 Temperature measurements of 30-inch fan (DL) for 3-diameter in height  
(h = 3D) (with mist) 


















Figure 6.60 Temperature measurements of 30-inch fan (DL) for 3-diameter in height 













6.2.4.4 4-Diameter in Height  
        The 30-inch fan is leveled for its fourth diameter in height. The temperature is 
measured for each diameter converge area and tabulated in table 6.39 
 
Table 6.39 Temperature measurements of 30-inch fan (DL) for 4-diameter in height  
(h = 4D) (with mist) 



















Figure 6.61 Temperature measurements of 30-inch fan (DL) for 4-diameter in height 













6.2.4.5 5-Diameter in Height  
         The 30-inch fan is leveled for its fifth diameter in height. The temperature is 
measured for each diameter converge area and tabulated in table 6.40 
 
Table 6.40 Temperature measurements of 30-inch fan (DL) for 5-diameter in height  
(h = 5D) (with mist) 



















Figure 6.62 Temperature measurements of 30-inch fan (DL) for 5-diameter in height 

















         The temperature measurements of 30-inch fan for all heights are plotted in 














6.2.4.6 Angle Effect of 30-inch Fan (with mist)  
           As done in the first stage, the angle effect of the 24-inch fan is also 
investigated in the second stage with mist using equations (6.4), (6.5) and (6.6); 
measuring the temperature as shown in figure 6.44. 
 
 
Table 6.41 Temperature measurements of 30-inch fan (DL) for angle case (with mist) 
30-inch Fan (angle case) 
Temperature (0C ) Range in 
diameter 
(DL) θ0 θ1 θ2 
1 39.9 38.9 37.9 
2 38.8 37.8 36.8 
3 37.4 36.4 35.4 
4 36.7 35.7 34.7 
5 35.9 34.9 33.3 
6 34.9 33.9 31.9 
7 33.2 31.9 32.8 
8 31.8 32.9 34 
9 32.9 34.5 36.9 
10 34.9 36.8 40 
11 37.8 40  



















6.2.4.7 Side-wise Investigation of 30-inch Fan (with mist) 
          As shown in figure 6.63, the maximum covered range of the 30-inch fan is 14 
diameters front-wise (14DL) in the fourth diameter in height. The side-wise maximum 
range is investigated as shown in figure 6.48.   
         The temperatures were measured along the 9the diameter (9DL) front wise 
location where the minimum temperature value was registered before.   
 
Table 6.42 Temperature measurements in the side-wise of 30-inch Fan (DL) (with mist)  
30-inch Fan (side-wise) 






















9 31.7 32.6 33.9 35.5 37.5 40 
 
 





       In this chapter, computational solution is presented based on experimental 
conditions, such dry bulb temperature, wet bulb temperature, relative humidity, 
operating pressure droplet velocity and fan airspeed.  
        All experimental conditions were kept the same for the three fans except the fan 
airspeed which varies according to different fan diameter. Computational solution is 
conducted based on mass transfer diffusion equation to calculate the evaporation rate 
as a first step and based on energy balance equation to calculate the temperature for 
each fan as a second step.  
As mentioned above, the only changing parameter is the fan airspeed which was 
measured experimentally referred to earlier in chapter 5. 
7.1 Thermodynamic Model for an Evaporating Water Droplet 
           In the thermodynamic modeling of an evaporating liquid-water droplet, use 
may be made of the transient form of the First Law of Thermodynamics applied to a 
control volume with a moving boundary. The surface of the control volume coincides 
with the surface of the droplet, which is assumed spherical, and while evaporation 
takes place, there are heat-and-mass transfers at the moving surface with thermal-
energy storage within the droplet. The heat transfer at the surface may be due to both 
radiation and forced convection, and the mass transfer with its associated enthalpy-
flux occurs as evaporation takes place at the interface. The energy storage within the 
droplet is by sensible heating as the result of heat conduction. Since the internal 
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thermal-resistance of the droplet is small compared with the external thermal-
resistance, (i.e. The Biot number is small and less than approximately 0.1), the 
lumped heat-capacity approach to the calculation of the energy storage in the droplet 
is appropriate. That is, the temperature in the droplet may be assumed to be uniform 
during the evaporation process. This considerably simplifies the analysis of the 
overall calculation procedure, since it avoids the need for a conjugate heat-conduction 
analysis for the internal transient temperature-distribution inside the droplet [36]. 
 
7.1.1 Evaporation Model 
       The bubble modeling of the evaporating droplet is based is based on the equations 
of the thermal behavior of a drop in a finite volume (Hinze, 1955; Zung, 1967; 
Tishkoff 1979; Bellan and Cuffel, 1983; Lefebvre, 1994). The model supposes that 
drops have a spherical form and that they keep this form during the evaporation 
process (Fig. 7.1). Furthermore, the radiative heat exchanges are neglected; the steam 
and air are considered as ideal gases and the concentration at the same temperature. 
       The drop will be considered as a spherical, characterized by radius rp, surface 
concentration Cs  and temperature Tp. it is surrounded by a bubble of radius b, 
concentration Cb  and temperature Tb. during this study, the system, constituted by the 





















7.2 Computational Procedure 
        Based on mass transfer diffusion equation, the mass transfer from a spherical 






























The first step is obtain the Sherwood number, the Reynolds's number and the Schmidt 
number by evaluating their parameters, the diffusion coefficient (Dg), the density of 
air (ρa), the dynamic viscosity of air (µa), water droplet diameter (Dp) and velocity of 
air and droplet (v). 
The diffusion coefficient (Dg), the density of air (ρa), and the dynamic viscosity of air 
(µa) all vary according to surrounding temperature. 
 
 The dynamic viscosity of air is given by the following empirical relation referred to 
Ref. [37]. 




Ta is air temperature in Celsius [oC]; viscosity in Pascal x seconds [Pa.s]. 
Error: <0.1x10-6 Pa.s; validity range: 0-54oC. 
 
The diffusion coefficient is given by the following empirical relation referred to Ref. 
[38]. 
 
 Dg = )0071.01(102.21 6 aTx +
− …………………………………………………..(7.5) 
Where: 
Ta is air temperature in Celsius [oC]; diffusion coefficient in [m2/s]. 
Error: <0.1x10-6 m2/s; validity range: 0-55oC. 
 
The density of humid air varies according to the air temperature and pressure, and it is 















Temperature Ta in Celsius [oC]; barometric pressure B in [Pa]; partial vapor pressure 
pv in [Pa]; a: density [kg/m3]. 
 
The partial vapor pressure is given by following empirical relation referred to Ref. 
[40]. 
 
Pv = xRH )
100




RH is the relative humidity; Psat,d is the saturated vapor pressure at dry bulb 
temperature in [Pa]. 
 
The saturated vapor pressure at dry bulb temperature is given by following empirical 
relation referred to Ref. [41]. 
 
Psat,d = )3.237/(5.7107.610 aa TTx + ………………………………………………………(7.8) 
 
Where: 
Saturated vapor pressure at dry bulb temperature Psat,d in [Pa]; Ta is the dry bulb 
temperature in Celsius [oC] validity range roughly 0-80oC. 
 
Based on the initial dry bulb temperature of air, initial water droplet temperature and 
relative humidity, the specific humidity is found from the psychometric chart     









Then, the vapor concentration at the droplet surface ( sC ) in [kg/m
3]; vapor 
concentration in the bulk gas ( gC ) in [kg/m













XC = ………………………………………………………………….(7.10) 
Where: 
Psat (Tp) is the saturated pressure at water droplet temperature Tp in [Pa]; Tp is the 
water droplet temperature in Celsius [oC]; R is the perfect gas constant in [J/ K.mol]; 
B is the barometric pressure in [Pa]; Ta is the air temperature in Celsius [oC]; 
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Xi is the mole fraction, which is defined as follows: 
 
molesofnumberTotal








Total number of moles = (Number of moles of water vapor + Number of moles of air)    
…………………………………………………………………………………    (7.13) 
 
airofweightmolecular
airofmassairofmolesofNumber =  ……………………………...(7.14) 
 













7.2.1 Molecular Mass of Air: 
       Dry air is a mixture of gases where the molecular weight can be calculated by 
adding the weight of each component as shown in table 7.1. 
 
 
Table 7.1 Molecular weight of air 
Components in Dry 
Air 




Molecular Mass in 
Air (g/mole) 
Oxygen 0.2095 32.00 6.704 
Nitrogen 0.7809 28.02 21.88 
Carbon Dioxide 0.0003 44.01 0.013 
Hydrogen 0.0000005 2.02 0 
Argon 0.00933 39.94 0.373 
Neon 0.000018 20.18 0 
Helium 0.000005 4.00 0 
Krypton 0.000001 83.8 0 
Xenon 0.09 10-6 131.29 0 
Total Molecular Mass of Air 28.97 
 
 








      Based on mass transfer equation, the mass transfer rate from the water droplet 

























 is the evaporation rate in [kg/s] referred to ref. [42]; the diffusion coefficient Dg 
in [m2/s]; rp is the radius of water droplet in [m]; ( sC ) is the vapor concentration at 
the droplet surface in [kg/m3]; ( gC ) is the vapor concentration in the bulk gas  in 
[kg/m3]; b is bubble radius in [m]; t is the time in [s]. 
 



















 is the droplet temperature change with time; the diameter of water droplet Dp in 
[m]; Ta is the air temperature in [Celsius]; Tp is the droplet temperature in [Celsius]; 
em is the mass of water in [kg]; peC is the specific heat of water [ J/kg K];  dt
dm
 is the 
evaporation rate in [kg/s]; λa is the thermal conductivity of air [W/m.k]; Lvap is the 
latent heat of water in [J/kg] and it is given by the following empirical relation 





vap −=  …………………………………………………………(7.18) 
The validity range of equation (6.18) is roughly 0-100oC of the air temperature. 
 









Re represents the Reynolds's number; and Pr represents the Prandtle number and it is 





























 is the air temperature change with time; the diameter of water droplet Dp in [m]; 
Ta is the air temperature in [Celsius]; Tp is the droplet temperature in [Celsius]; am is 
the mass of air in [kg]; paC is the specific heat of air [ J/kg K]; λa is the thermal 





To investigate the dynamic motion of the evaporating droplet while flying and to 
determine where it settles, the equations of motion are as follows: 













X  is the acceleration of the droplet in the x-direction; 
••
Y  is the acceleration of the 
droplet in the y-direction; g represents the gravity; and the drag force is given by the 
following relation according to ref. [45]. 
VrDrag ap µπ6= ………………………………………………………………..(7.24) 
Where: 
rp is the radius of water droplet in [m]; aµ  is the dynamic viscosity of air in [Pa.s]; 
and V represents the droplet velocity in [m/s]. 
 
         The previous two equations are integrated by the fourth Runge-Kutta method in 
the code including all relations for heat-and-mass transfer, the temperature-vapor 
concentration relationships and the momentum equation to get the positions of droplet 






7.2.2 Calculation Sequence: 
       The determination of the history of the temperature and diameter of the 
evaporating droplet and air temperature is effected using equations (7.16), (7.17) and 
(7.21). 
        Initially, the droplet size and temperature and the external conditions, together 
with all the relevant thermal properties are specified. Also included in the program are 
the correlations for heat-and-mass transfer, the temperature-vapor concentrations 
relationships, and the momentum equation as derived above. The sequence in the 
calculation is as follows. 
         After selecting a suitable time step, the change in mass of the droplet is 
determined using equation (7.16). The change in the droplet temperature is then 
evaluated using equation (7.17). After that, the change in the air temperature is then 
evaluated using equation (7.21). The velocity after the time step is calculated with the 
momentum equations (7.22) and (7.23). 
         At the end of the time interval, the new diameter and surface vapor 
concentration, as well as the heat-and-mass transfer parameters and properties are the 
used in the following time step, and the whole calculation repeated until the droplet 
diameter reaches a specified lower limit or the droplet hits the ground. The output 
from the program, which was written in MATLAB, may include the histories of the 
temperature, diameter, velocity and distance traveled by the droplet.  
         In the present work, environmental conditions appropriate to the experiments 






Table 7.2 Fixed parameters values in the computational solution 
Factor Value 
Relative humidity 50 % 
Air temperature 40 0C 
Droplet temperature 25 0C 
Water droplet diameter 200 x 10-6 m 
Injected droplet velocity from nozzle 28 m/s 
Pressure 101325 Pa 
Pump operating pressure 50 bar 




















7.2.3 Computational Procedure Flow Chart: 
 
Figure 7.3 Computational Procedure Flow Chart  
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7.3 20-inch Fan 
        In the experimental measurements of 20-inch fan, it was observed that the fan 
maximum range of temperature occurs at a height level of the 4th diameter (h = 4DS). 
The fan airspeed is about 4.74 m/s and the other experimental conditions are kept the 
same as shown in table 7.2. To simulate it in the computational solution, the program 
is run for such height (h = 4DS , h = 2 m) and the droplet velocity is equal to the 
Injected droplet velocity from nozzle plus the fan airspeed (V = 28+ 4.74 = 32.74 
m/s).  
        Figure 7.4 shows the water droplet evaporation versus time for this fan. The 
figure demonstrates the behavior of the evaporation process and it is observed that the 
droplet hits the ground before it evaporates completely.   
 
   
Figure 7.4 The rate of evaporation of droplet mass for 20-inch fan (DS) for 4-diameter 
in height (h = 4DS) 
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        Figure 7.5 shows the droplet temperature versus time for this fan. The figure 
demonstrates the behavior of the droplet temperature which starts from the initial 
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature 
of about 32.4 0C, which is very close to thermodynamic wet bulb temperature        
(Twet = 31.5). This temperature is achieved rapidly, indicating that the energy storage 
within the droplet is more effective in the early stages of evaporation process. 
 
 
Figure 7.5 Droplet temperature versus time for 20-inch fan (DS) for 4-diameter in 









         Figure 7.6 shows the air temperature versus time for this fan. The figure 
demonstrates the behavior of the air temperature which starts from the initial value (Ta 
= 40 0C) and keeps dropping to final value of about 34.4 0C. The air temperature 
would drop more and more to get closer to the wet bulb temperature (Twet = 31.5) if 
the droplet evaporated completely  before it hits the ground, which didn’t happen in 




Figure 7.6 Air temperature versus time for 20-inch fan (DS) for 4-diameter in height 









         Figure 7.7 shows the droplet injection height (same as fan height) versus the 
horizontal range for this fan. The figure indicates the maximum horizontal range of 
the droplet of about 5.81 m, which is equivalent to about 11.6 DS as demonstrated in 




Figure 7.7 Droplet injection height versus the horizontal range for 20-inch fan (DS) 








       Figure 7.8 shows the droplet injection height in diameter (same as fan height) 
versus the horizontal range in diameter for this fan. The figure indicates the maximum 
horizontal range of the droplet of about 11.6 DS. 
 
 
Figure 7.8 Droplet injection height in diameter versus the horizontal range in 









         Figure 7.9 shows the droplet temperature and air temperature versus the 
horizontal range for this fan. The figure indicates the history of air temperature along 
the range, and it shows the minimum air temperature occurs at the distance of 5.81 m, 
where the droplets hits the ground of about of 34.4 0C. In addition, it demonstrates the 
history of droplet temperature along the horizontal range, and it shows the terminal 
droplet temperature of about 32.4 0C.  
 
 
Figure 7.9 Droplet and air temperatures versus the horizontal range for 20-inch fan 










        Figure 7.10 expresses the same observations as figure 7.9, but in terms of 
diameter for horizontal range. Such that, the figure indicates the history of air 
temperature along the range in diameter, and it shows the minimum air temperature 
occurs at the distance of 11.6 DS, where the droplets hits the ground of about of 34.4 
0C. In addition, it demonstrates the history of droplet temperature along the horizontal 




Figure 7.10 Droplet and air temperatures versus the horizontal range in diameter for 









7.3.1 Angle Effect of 20-inch Fan (computational) 
        The experimental angle effect case of 20-inch fan is simulated here 
computationally. In this configuration, the fan is angled for two positions (θ1 = 26.56o, 
θ2 = 45o) as shown in figure 7.11.  
 
 
Figure 7.11 Configuration of angle effect case study (computational) 
 
      In this case, the program is run for the same condition as the normal case except 
the velocity which is dropped by a value of (cos θ) due the fan deflection, such that   







7.3.1.1 θ1 = 26.56o 
        Figure 7.12 indicates the history of air temperature and droplet temperature 
versus time for the first angle (θ1 = 26.56o). It demonstrates the behavior of the air 
temperature which starts from the initial value (Ta = 40 0C) and keeps dropping to 
final value of about 34.4 0C, the same as in the default case (θ0 = 0o). The figure also 
demonstrates the behavior of the droplet temperature which starts from the initial 
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature 
of about 32.4 0C, which is very close to thermodynamic wet bulb temperature        
(Twet = 31.5), the same as in the default case (θ0 = 0o) too. 
 
 
Figure 7.12 Droplet and air temperatures versus time of angle case (θ1 = 26.56o) for 




          Figure 7.13 shows the maximum horizontal range of the droplet of about 5.1 m 
for the first angle (θ1 = 26.56o), which is equivalent to about 10.4 DS as demonstrated 
in figure 7.14. 
 
 
Figure 7.13 Droplet injection height versus the horizontal range of angle case          
(θ1 = 26.56o) for 20-inch fan (DS) 














Figure 7.14 Droplet injection height in diameter versus the horizontal range in 













           Figure 7.15 shows the droplet temperature and air temperature versus the 
horizontal range for the first angle (θ1 = 26.56o). The figure indicates the history of air 
temperature along the range, and it shows the minimum air temperature occurs at the 
distance of 5.1 m, where the droplets hits the ground of about of 34.4 0C. In addition, 
it demonstrates the history of droplet temperature along the horizontal range, and it 
shows the terminal droplet temperature of about 32.4 0C.  
 
 
Figure 7.15 Droplet and air temperatures versus the horizontal range of angle case  










        Figure 7.16 expresses the same observations as figure 7.15, but in terms of 
diameter for horizontal range for the first angle (θ1 = 26.56o). Such that, the figure 
indicates the history of air temperature along the range in diameter, and it shows the 
minimum air temperature occurs at the distance of 10.4 DS, where the droplets hits the 
ground of about of 34.4 0C. In addition, it demonstrates the history of droplet 
temperature along the horizontal range, and it shows the terminal droplet temperature 




Figure 7.16 Droplet and air temperatures versus the horizontal range in diameter of 







7.3.1.2 θ2 = 45o 
        Figure 7.17 indicates the history of air temperature and droplet temperature 
versus time for the second angle (θ2 = 45o). It demonstrates the behavior of the air 
temperature which starts from the initial value (Ta = 40 0C) and keeps dropping to 
final value of about 34.4 0C, the same as in the default case (θ0 = 0o). The figure also 
demonstrates the behavior of the droplet temperature which starts from the initial 
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature 
of about 32.4 0C, which is very close to thermodynamic wet bulb temperature        
(Twet = 31.5), the same as in the default case (θ0 = 0o) too. 
 
 
Figure 7.17 Droplet and air temperatures versus time of angle case (θ2 = 45o) for 20-




          Figure 7.18 shows the maximum horizontal range of the droplet of about 4.1 m 




Figure 7.18 Droplet injection height versus the horizontal range of angle case          
(θ2 = 45o) for 20-inch fan (DS) 















Figure 7.19 Droplet injection height in diameter versus the horizontal range in 













           Figure 7.20 shows the droplet temperature and air temperature versus the 
horizontal range for the second angle (θ2 = 45o). The figure indicates the history of air 
temperature along the range, and it shows the minimum air temperature occurs at the 
distance of 4.1 m, where the droplets hits the ground of about of 34.4 0C. In addition, 
it demonstrates the history of droplet temperature along the horizontal range, and it 
shows the terminal droplet temperature of about 32.4 0C.  
 
 
Figure 7.20 Droplet and air temperatures versus the horizontal range of angle case  










        Figure 7.21 expresses the same observations as figure 7.20, but in terms of 
diameter for horizontal range for the second angle (θ2 = 45o). Such that, the figure 
indicates the history of air temperature along the range in diameter, and it shows the 
minimum air temperature occurs at the distance of 8.2 DS, where the droplets hits the 
ground of about of 34.4 0C. In addition, it demonstrates the history of droplet 
temperature along the horizontal range, and it shows the terminal droplet temperature 




Figure 7.21 Droplet and air temperatures versus the horizontal range in diameter of 







        Figure 7.22 shows the maximum horizontal range of the droplet in the angle case 
for different angles of the 20-inch fan angle of about 5.81 m for the default zero angle 
(θ0 = 0o), 5.2 m for the first angle (θ1 = 26.56o), and 4.1 m for the second angle (θ2 = 
45o), which is equivalent to about 11.6 DS, 10.4 DS and 8.2 DS respectively as 
demonstrated in figure 7.23. 
       It is observed that the maximum horizontal range is shifted backward in the first 
and second angle compared to the default case. For (θ1 = 26.56o), the horizontal range 
is shifted by about 0.7DS backward compared to the default zero angle (θ0 = 0o); and 
for (θ2 = 45o), the horizontal range is shifted by about 1DS backward compared to the 
first angle (θ1 = 26.56o).   
 

















7.3.2 Side-wise Investigation of 20-inch Fan (computational) 
       The experimental side-wise study of 20-inch fan is simulated here 
computationally. In the side-wise study, we are looking for specifying the maximum 
range of   side-wise effect of the fan as shown in figure 7.24. 
 
Figure 7.24 Side-wise Investigation of 20-inch Fan (computational) 
 
        In this side-wise study, the program is run for the same condition as the normal 
case except the velocity of the fan, which is dropped by a value of (cos α). Such that 






         Figure 7.25 shows the maximum side-wise range of droplet reaches about 4 m, 
which is equivalent to about 8 DS side-wise as shown in figure 7.26. The maximum 
horizontal rang at this location is about 4 m too, which is equivalent to about 8 DS. 
 
 
Figure 7.25 Droplet maximum side-wise range for 20-inch fan (DS) for 4-diameter in 












Figure 7.26 Droplet maximum side-wise range in diameter for 20-inch fan (DS) for 4-















7.4 24-inch Fan 
        In the experimental measurements of 24-inch fan, it was observed that the fan 
maximum range of temperature occurs at a height level of the 4th diameter (h = 4Dm). 
The fan airspeed is about 6.36 m/s and the other experimental conditions are kept the 
same as shown in table 7.2. To simulate it in the computational solution, the program 
is run for such height (h = 4Dm , h = 2.4 m) and the droplet velocity is equal to the 
Injected droplet velocity from nozzle plus the fan airspeed (V = 28+ 6.36 = 34.36 
m/s).  
        Figure 7.27 shows the water droplet evaporation versus time for this fan. The 
figure demonstrates the behavior of the evaporation process, and it is observed that 
the droplet hits the ground before it evaporates completely.   
 
   
Figure 7.27 The rate of evaporation of droplet mass for 24-inch fan (Dm) for 4-
diameter in height (h = 4Dm) 
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        Figure 7.28 shows the droplet temperature versus time for this fan. The figure 
demonstrates the behavior of the droplet temperature which starts from the initial 
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature 
of about 32.4 0C, which is very close to thermodynamic wet bulb temperature        
(Twet = 31.5). This temperature is achieved rapidly, indicating that the energy storage 
within the droplet is more effective in the early stages of evaporation process. 
 
 
Figure 7.28 Droplet temperature versus time for 24-inch fan (Dm) for 4-diameter in 









         Figure 7.29 shows the air temperature versus time for this fan. The figure 
demonstrates the behavior of the air temperature which starts from the initial value  
(Ta = 40 0C) and keeps dropping to final value of about 34.4 0C. The air temperature 
would drop more and more to get closer to the wet bulb temperature (Twet = 31.5) if 
the droplet evaporated completely  before it hits the ground, which didn’t happen in 




Figure 7.29 Air temperature versus time for 24-inch fan (Dm) for 4-diameter in height 









         Figure 7.30 shows the droplet injection height (same as fan height) versus the 
horizontal range for this fan. The figure indicates the maximum horizontal range of 
the droplet of about 6.2 m, which is equivalent to about 10.3 Dm as demonstrated in 




Figure 7.30 Droplet injection height versus the horizontal range for 24-inch fan (Dm) 








       Figure 7.31 shows the droplet injection height in diameter (same as fan height) 
versus the horizontal range in diameter for this fan. The figure indicates the maximum 




Figure 7.31 Droplet injection height in diameter versus the horizontal range in 










       Figure 7.32 shows the droplet temperature and air temperature versus the 
horizontal range for this fan. The figure indicates the history of air temperature along 
the range, and it shows the minimum air temperature occurs at the distance of 6.2 m, 
where the droplets hits the ground of about 34.1 0C. In addition, it demonstrates the 
history of droplet temperature along the horizontal range, and it shows the terminal 
droplet temperature of about 32.2 0C.  
 
 
Figure 7.32 Droplet and air temperatures versus the horizontal range for 24-inch fan 










        Figure 7.33 expresses the same observations as figure 7.32, but in terms of 
diameter for horizontal range. Such that, the figure indicates the history of air 
temperature along the range in diameter, and it shows the minimum air temperature 
occurs at the distance of 10.4 Dm, where the droplets hits the ground of about of 34.1 
0C. In addition, it demonstrates the history of droplet temperature along the horizontal 




Figure 7.33 Droplet and air temperatures versus the horizontal range in diameter for 









7.4.1 Angle Effect of 24-inch Fan (computational) 
        The experimental angle effect case of 24-inch fan is simulated here 
computationally. In this configuration, the fan is angled for two positions (θ1 = 26.56o, 
θ2 = 45o) as shown in figure 7.11.  
      In this case, the program is run for the same condition as the normal case except 
the velocity which is dropped by a value of (cos θ) due the fan deflection, such that   


















7.4.1.1 θ1 = 26.56o 
        Figure 7.34 indicates the history of air temperature and droplet temperature 
versus time for the first angle (θ1 = 26.56o). It demonstrates the behavior of the air 
temperature which starts from the initial value (Ta = 40 0C) and keeps dropping to 
final value of about 34.1 0C, the same as in the default case (θ0 = 0o). The figure also 
demonstrates the behavior of the droplet temperature which starts from the initial 
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature 
of about 32.2 0C, which is very close to thermodynamic wet bulb temperature        
(Twet = 31.5), the same as in the default case (θ0 = 0o) too. 
 
 
Figure 7.34 Droplet and air temperatures versus time of angle case (θ1 = 26.56o) for 




          Figure 7.35 shows the maximum horizontal range of the droplet of about 5.6 m 
for the first angle (θ1 = 26.56o), which is equivalent to about 9.3 Dm as demonstrated 
in figure 7.36. 
 
 
Figure 7.35 Droplet injection height versus the horizontal range of angle case          
(θ1 = 26.56o) for 24-inch fan (Dm) 















Figure 7.36 Droplet injection height in diameter versus the horizontal range in 













           Figure 7.37 shows the droplet temperature and air temperature versus the 
horizontal range for the first angle (θ1 = 26.56o). The figure indicates the history of air 
temperature along the range, and it shows the minimum air temperature occurs at the 
distance of 5.6 m, where the droplets hits the ground of about of 34.1 0C. In addition, 
it demonstrates the history of droplet temperature along the horizontal range, and it 
shows the terminal droplet temperature of about 32.2 0C.  
 
 
Figure 7.37 Droplet and air temperatures versus the horizontal range of angle case  










        Figure 7.38 expresses the same observations as figure 7.37, but in terms of 
diameter for horizontal range for the first angle (θ1 = 26.56o). Such that, the figure 
indicates the history of air temperature along the range in diameter, and it shows the 
minimum air temperature occurs at the distance of 9.3 Dm, where the droplets hits the 
ground of about of 34.1 0C. In addition, it demonstrates the history of droplet 
temperature along the horizontal range, and it shows the terminal droplet temperature 




Figure 7.38 Droplet and air temperatures versus the horizontal range in diameter of 







7.4.1.2 θ2 = 45o 
        Figure 7.39 indicates the history of air temperature and droplet temperature 
versus time for the second angle (θ2 = 45o). It demonstrates the behavior of the air 
temperature which starts from the initial value (Ta = 40 0C) and keeps dropping to 
final value of about 34.1 0C, the same as in the default case (θ0 = 0o). The figure also 
demonstrates the behavior of the droplet temperature which starts from the initial 
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature 
of about 32.2 0C, which is very close to thermodynamic wet bulb temperature        
(Twet = 31.5), the same as in the default case (θ0 = 0o) too. 
 
 
Figure 7.39 Droplet and air temperatures versus time of angle case (θ2 = 45o) for    




          Figure 7.40 shows the maximum horizontal range of the droplet of about 4.4 m 
for the second angle (θ2 = 45o), which is equivalent to about 7.3 Dm as demonstrated 
in figure 7.41. 
 
 
Figure 7.40 Droplet injection height versus the horizontal range of angle case          
(θ2 = 45o) for 24-inch fan (Dm) 















Figure 7.41 Droplet injection height in diameter versus the horizontal range in 













           Figure 7.42 shows the droplet temperature and air temperature versus the 
horizontal range for the second angle (θ2 = 45o). The figure indicates the history of air 
temperature along the range, and it shows the minimum air temperature occurs at the 
distance of 4.4 m, where the droplets hits the ground of about of 34.2 0C. In addition, 
it demonstrates the history of droplet temperature along the horizontal range, and it 
shows the terminal droplet temperature of about 32.3 0C.  
 
 
Figure 7.42 Droplet and air temperatures versus the horizontal range of angle case  










        Figure 7.43 expresses the same observations as figure 7.42, but in terms of 
diameter for horizontal range for the second angle (θ2 = 45o). Such that, the figure 
indicates the history of air temperature along the range in diameter, and it shows the 
minimum air temperature occurs at the distance of 7.3 Dm, where the droplets hits the 
ground of about of 34.2 0C. In addition, it demonstrates the history of droplet 
temperature along the horizontal range, and it shows the terminal droplet temperature 




Figure 7.43 Droplet and air temperatures versus the horizontal range in diameter of 







        Figure 7.44 shows the maximum horizontal range of the droplet in the angle case 
for different angles of the 24-inch fan angle of about 6.2 m for the default zero angle 
(θ0 = 0o), 5.6 m for the first angle (θ1 = 26.56o), and 4.4 m for the second angle        
(θ2 = 45o), which is equivalent to about 10.4 Dm, 9.3 Dm and 7.3 Dm respectively as 
demonstrated in figure 7.45. 
       It is observed that the maximum horizontal range is shifted backward in the first 
and second angle compared to the default case. For (θ1 = 26.56o), the horizontal range 
is shifted by about 1Dm backward compared to the default zero angle (θ0 = 0o); and for 
(θ2 = 45o), the horizontal range is shifted by about 2Dm backward compared to the 
first angle (θ1 = 26.56o).   
 

















7.4.2 Side-wise Investigation of 24-inch Fan (computational) 
       The experimental side-wise study of 24-inch fan is simulated here 
computationally. In the side-wise study, we are looking for specifying the maximum 
range of   side-wise effect of the fan as shown in figure 7.24. 
        In this side-wise study, the program is run for the same condition as the normal 
case except the velocity of the fan, which is dropped by a value of (cos α). Such that 




















         Figure 7.46 shows the maximum side-wise range of droplet reaches about 4.3 m, 
which is equivalent to about 7.2 Dm side-wise as shown in figure 7.47. The maximum 
horizontal rang at this location is about 4.2 m, which is equivalent to about 7 Dm. 
 
 
Figure 7.46 Droplet maximum side-wise range for 24-inch fan (Dm) for 4-diameter in 












Figure 7.47 Droplet maximum side-wise range in diameter for 24-inch fan (Dm) for 












7.5 30-inch Fan 
        In the experimental measurements of 30-inch fan, it was observed that the fan 
maximum range of temperature occurs at a height level of the 4th diameter (h = 4DL). 
The fan airspeed is about 7.49 m/s and the other experimental conditions are kept the 
same as shown in table 7.2. To simulate it in the computational solution, the program 
is run for such height (h = 4Dm , h = 3 m) and the droplet velocity is equal to the 
Injected droplet velocity from nozzle plus the fan airspeed (V = 28+ 7.99 = 35.99 
m/s).  
        Figure 7.48 shows the water droplet evaporation versus time for this fan. The 
figure demonstrates the behavior of the evaporation process, and it is observed that 
the droplet hits the ground before it evaporates completely.   
 
   
Figure 7.48 The rate of evaporation of droplet mass for 30-inch fan (DL) for 4-
diameter in height (h = 4DL) 
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        Figure 7.49 shows the droplet temperature versus time for this fan. The figure 
demonstrates the behavior of the droplet temperature which starts from the initial 
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature 
of about 31.9 0C, which is very close to thermodynamic wet bulb temperature        
(Twet = 31.5). This temperature is achieved rapidly, indicating that the energy storage 
within the droplet is more effective in the early stages of evaporation process. 
 
 
Figure 7.49 Droplet temperature versus time for 30-inch fan (DL) for 4-diameter in 









         Figure 7.50 shows the air temperature versus time for this fan. The figure 
demonstrates the behavior of the air temperature which starts from the initial value  
(Ta = 40 0C) and keeps dropping to final value of about 33.5 0C. The air temperature 
would drop more and more to get closer to the wet bulb temperature (Twet = 31.5) if 
the droplet evaporated completely  before it hits the ground, which didn’t happen in 




Figure 7.50 Air temperature versus time for 30-inch fan (DL) for 4-diameter in height 









         Figure 7.51 shows the droplet injection height (same as fan height) versus the 
horizontal range for this fan. The figure indicates the maximum horizontal range of 
the droplet of about 6.5 m, which is equivalent to about 8.7 DL as demonstrated in 




Figure 7.51 Droplet injection height versus the horizontal range for 30-inch fan (DL) 








       Figure 7.52 shows the droplet injection height in diameter (same as fan height) 
versus the horizontal range in diameter for this fan. The figure indicates the maximum 




Figure 7.52 Droplet injection height in diameter versus the horizontal range in 










       Figure 7.53 shows the droplet temperature and air temperature versus the 
horizontal range for this fan. The figure indicates the history of air temperature along 
the range, and it shows the minimum air temperature occurs at the distance of 6.5 m, 
where the droplets hits the ground of about 33.5 0C. In addition, it demonstrates the 
history of droplet temperature along the horizontal range, and it shows the terminal 
droplet temperature of about 31.9 0C.  
 
 
Figure 7.53 Droplet and air temperatures versus the horizontal range for 30-inch fan 










        Figure 7.54 expresses the same observations as figure 7.53, but in terms of 
diameter for horizontal range. Such that, the figure indicates the history of air 
temperature along the range in diameter, and it shows the minimum air temperature 
occurs at the distance of 8.7 DL, where the droplets hits the ground of about of 33.5 
0C. In addition, it demonstrates the history of droplet temperature along the horizontal 




Figure 7.54 Droplet and air temperatures versus the horizontal range in diameter for 









7.5.1 Angle Effect of 30-inch Fan (computational) 
        The experimental angle effect case of 30-inch fan is simulated here 
computationally. In this configuration, the fan is angled for two positions (θ1 = 26.56o, 
θ2 = 45o) as shown in figure 7.11.  
      In this case, the program is run for the same condition as the normal case except 
the velocity which is dropped by a value of (cos θ) due the fan deflection, such that   


















7.5.1.1 θ1 = 26.56o 
        Figure 7.55 indicates the history of air temperature and droplet temperature 
versus time for the first angle (θ1 = 26.56o). It demonstrates the behavior of the air 
temperature which starts from the initial value (Ta = 40 0C) and keeps dropping to 
final value of about 33.5 0C, the same as in the default case (θ0 = 0o). The figure also 
demonstrates the behavior of the droplet temperature which starts from the initial 
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature 
of about 31.9 0C, which is very close to thermodynamic wet bulb temperature        
(Twet = 31.5), the same as in the default case (θ0 = 0o) too. 
 
 
Figure 7.55 Droplet and air temperatures versus time of angle case (θ1 = 26.56o) for 




          Figure 7.56 shows the maximum horizontal range of the droplet of about 5.8 m 
for the first angle (θ1 = 26.56o), which is equivalent to about 7.8 DL as demonstrated 
in figure 7.57. 
 
 
Figure 7.56 Droplet injection height versus the horizontal range of angle case          
(θ1 = 26.56o) for 30-inch fan (DL) 















Figure 7.57 Droplet injection height in diameter versus the horizontal range in 













           Figure 7.58 shows the droplet temperature and air temperature versus the 
horizontal range for the first angle (θ1 = 26.56o). The figure indicates the history of air 
temperature along the range, and it shows the minimum air temperature occurs at the 
distance of 5.8 m, where the droplets hits the ground of about of 33.5 0C. In addition, 
it demonstrates the history of droplet temperature along the horizontal range, and it 
shows the terminal droplet temperature of about 31.9 0C.  
 
 
Figure 7.58 Droplet and air temperatures versus the horizontal range of angle case  










        Figure 7.59 expresses the same observations as figure 7.58, but in terms of 
diameter for horizontal range for the first angle (θ1 = 26.56o). Such that, the figure 
indicates the history of air temperature along the range in diameter, and it shows the 
minimum air temperature occurs at the distance of 7.8 DL, where the droplets hits the 
ground of about of 33.5 0C. In addition, it demonstrates the history of droplet 
temperature along the horizontal range, and it shows the terminal droplet temperature 




Figure 7.59 Droplet and air temperatures versus the horizontal range in diameter of 







7.5.1.2 θ2 = 45o 
        Figure 7.60 indicates the history of air temperature and droplet temperature 
versus time for the second angle (θ2 = 45o). It demonstrates the behavior of the air 
temperature which starts from the initial value (Ta = 40 0C) and keeps dropping to 
final value of about 33.8 0C, almost the same as in the default case (θ0 = 0o). The 
figure also demonstrates the behavior of the droplet temperature which starts from the 
initial value (Tp = 25 0C) and keeps dropping to final value of terminal droplet 
temperature of about 32.1 0C, which is very close to thermodynamic wet bulb 
temperature (Twet = 31.5), the same as in the default case (θ0 = 0o) too. 
 
 
Figure 7.60 Droplet and air temperatures versus time of angle case (θ2 = 45o) for    




          Figure 7.61 shows the maximum horizontal range of the droplet of about 4.6 m 




Figure 7.61 Droplet injection height versus the horizontal range of angle case          
(θ2 = 45o) for 30-inch fan (DL) 















Figure 7.62 Droplet injection height in diameter versus the horizontal range in 













           Figure 7.63 shows the droplet temperature and air temperature versus the 
horizontal range for the second angle (θ2 = 45o). The figure indicates the history of air 
temperature along the range, and it shows the minimum air temperature occurs at the 
distance of 4.6 m, where the droplets hits the ground of about of 33.8 0C. In addition, 
it demonstrates the history of droplet temperature along the horizontal range, and it 
shows the terminal droplet temperature of about 32.1 0C.  
 
 
Figure 7.63 Droplet and air temperatures versus the horizontal range of angle case  










        Figure 7.64 expresses the same observations as figure 7.62, but in terms of 
diameter for horizontal range for the second angle (θ2 = 45o). Such that, the figure 
indicates the history of air temperature along the range in diameter, and it shows the 
minimum air temperature occurs at the distance of 6.2 DL, where the droplets hits the 
ground of about of 33.8 0C. In addition, it demonstrates the history of droplet 
temperature along the horizontal range, and it shows the terminal droplet temperature 




Figure 7.64 Droplet and air temperatures versus the horizontal range in diameter of 







        Figure 7.65 shows the maximum horizontal range of the droplet in the angle case 
for different angles of the 30-inch fan angle of about 6.5 m for the default zero angle 
(θ0 = 0o), 5.8 m for the first angle (θ1 = 26.56o), and 4.6 m for the second angle        
(θ2 = 45o), which is equivalent to about 8.7 DL, 7.8 DL and 6.2 DL respectively as 
demonstrated in figure 7.66. 
       It is observed that the maximum horizontal range is shifted backward in the first 
and second angle compared to the default case. For (θ1 = 26.56o), the horizontal range 
is shifted by about 0.9 DL backward compared to the default zero angle (θ0 = 0o); and 
for (θ2 = 45o), the horizontal range is shifted by about 1.6 DL backward compared to 
the first angle (θ1 = 26.56o).   
 

















7.5.2 Side-wise Investigation of 30-inch Fan (computational) 
       The experimental side-wise study of 30-inch fan is simulated here 
computationally. In the side-wise study, we are looking for specifying the maximum 
range of   side-wise effect of the fan as shown in figure 7.24. 
        In this side-wise study, the program is run for the same condition as the normal 
case except the velocity of the fan, which is dropped by a value of (cos α). Such that 




















         Figure 7.67 shows the maximum side-wise range of droplet reaches about 4.5 m, 
which is equivalent to about 6 DL side-wise as shown in figure 7.68. The maximum 
horizontal rang at this location is about 4.4 m, which is equivalent to about 5.9 DL. 
 
 
Figure 7.67 Droplet maximum side-wise range for 30-inch fan (DL) for 4-diameter in 












Figure 7.68 Droplet maximum side-wise range in diameter for 30-inch fan (DL) for  


















RESULTS AND DISCUSSION 
        In this chapter, experimental with mist and computational results are analyzed 
and compared for the three fans to generate the relationships between the temperature 
domain and cooling fan diameters from one aspect and the relationship between the 
temperature domain and cooling fan heights from the other aspect.  
8.1 Results of 20-inch Fan (DS) 
       By looking generally to the results of 20-inch fan presented for individual cases 
in previous chapters, a very good agreement is observed between the experimental 
results and computational results, which gives an indication of well chosen 
assumptions proposed for the computational solution.  
 
          Figure 8.1 shows an agreement on the temperature behavior of the experimental 
and the computational results of the 20-inch fan, and the following observations are 
concluded. 
 
• The location of the minimum temperature is almost the same for both 
experimental and computational. The experimental minimum temperature 
occurs at the 11the diameter front-wise (11 DS) of about 32.5 0C which is very 
close to the calculated wet bulb temperature; while the computational 
minimum temperature occurs exactly at the 11.6the diameter front-wise     
(11.6 DS) of about 34.4 0C, which shows well agreement between the 
experimental and the computational. 
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• There are some experimental temperature values differ from their 
corresponding computational values for the same diameter, basically that 
doesn't mean disagreement since the computational indicates the air 
temperatures around the water droplet in different stages while flying in air till 
it hits the ground; while the experimental indicates the surrounding air 
temperatures measured after some time after the steady state is reached. That 
demonstrates why we get closer air temperature values in the experimental to 
the wet bulb temperature and not in the computational case. 
 
• The minimum computational temperature is about  34.4 0C, which is a little bit  
different from the expected wet bulb temperature of about 31.5 0C. that’s 
indicates that the water droplet hits the ground before it evaporates 
completely, which was observed in figure 7.4. 
 
• The 20-inch fan maximum range with respect to temperature is reached at the 







Figure 8.1 Temperature (oc) VS distance in diameter (DS), for the small fan (DS), for 




















      By looking at figures 6.47 and 7.22 and comparing them, they show a good 
agreement of the experimental and the computational results for angle effect case 
investigation of the 20-inch fan, and the following observations are concluded. 
 
• The minimum computational temperature location occurs at of about 5.81 m 
for the default zero angle (θ0 = 0o), 5.2 m for the first angle (θ1 = 26.56o), and 
4.1 m for the second angle (θ2 = 45o), which is equivalent to about 11.6 DS, 
10.4 DS and 8.2 DS respectively. In the experimental result, the minimum 
temperature location occurs at of about 10 DS m for the default zero angle    
(θ0 = 0o), 9 DS for the first angle (θ1 = 26.56o), and 8 DS for the second angle     
(θ2 = 45o). That indicates good matching.  
• It is observed that the minimum computational temperature location is shifted 
backward in the first angle by about 1.2 DS compared to the default case, and it 
is shifted in the second angle compared to the default case by 3.4 DS. In the 
experimental, a similar regime behavior happens such that, the minimum 
experimental temperature location is shifted backward in the first angle by 1 
DS compared to the default case, and it is shifted in the second angle compared 
to the default case by 2 DS. The small difference between the computational 
and the experimental is maybe due to the wind effect in the location of the 
experiments. 
 
• The 20-inch fan maximum range with respect to temperature is reached at the 
16the diameter (16 DS) for angle (θ1 = 26.56o) experimentally.  
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• The 20-inch fan maximum range with respect to temperature is reached at the 
14the diameter (14 DS) for angle (θ2 = 45o) experimentally.  
 
• As expected, a little more drop in the temperature values occurs in the area 
close to the fan when it is angled down motivating the evaporation process in 















      By looking at figures 6.49 and 7.25 and comparing them, they show a good 
agreement of the experimental and the computational results for side-wise case 
investigation of the 20-inch fan, and the following observations are concluded. 
 
• The maximum side-wise range of droplet reaches about 4 m, which is 
equivalent to about 8 DS side-wise computationally. While the maximum side-
wise range in the experiment reaches about 8 DS side-wise, this indicates 
























8.2 Results of 24-inch Fan 
 
          By looking generally to the results of 24-inch fan presented for individual cases 
in previous chapters, a very good agreement is observed between the experimental 
results and computational results, which gives an indication of well chosen 
assumptions proposed for the computational solution.  
 
          Figure 8.2 shows an agreement on the temperature behavior of the experimental 
and the computational results of the 24-inch fan, and the following observations are 
concluded. 
 
• The location of the minimum temperature is almost the same for both 
experimental and computational. The experimental minimum temperature 
occurs at the 10the diameter front-wise (10 Dm) of about 31.8 0C which is very 
close to the calculated wet bulb temperature; while the computational 
minimum temperature occurs exactly at the 10.4the diameter front-wise     
(10.4 Dm) of about 34 0C, which shows well agreement between the 
experimental and the computational. 
• There are some experimental temperature values differ from their 
corresponding computational values for the same diameter, basically that 
doesn't mean disagreement since the computational indicates the air 
temperatures around the water droplet in different stages while flying in air till 
it hits the ground; while the experimental indicates the surrounding air 
temperatures measured after some time after the steady state is reached. That 
232 
  
demonstrates why we get closer air temperature values in the experimental to 
the wet bulb temperature and not in the computational case. 
 
• The minimum computational temperature is about  34 0C, which is a little bit  
different from the expected wet bulb temperature of about 31.5 0C. that’s 
indicates that the water droplet hits the ground before it evaporates 
completely, which was observed in figure 7.26. 
 
• The 24-inch fan maximum range with respect to temperature is reached at the 
16the diameter (16 Dm) at height of 4 diameter (h = 4 Dm) experimentally.  
 
 
Figure 8.2 Temperature (oc) VS distance in diameter (Dm), for the medium fan (Dm), 




      By looking at figures 6.56 and 7.44 and comparing them, they show a good 
agreement of the experimental and the computational results for angle effect case 
investigation of the 24-inch fan, and the following observations are concluded. 
 
• The minimum computational temperature location occurs at of about 6.2 m for 
the default zero angle (θ0 = 0o), 5.6 m for the first angle (θ1 = 26.56o), and 4.4 
m for the second angle (θ2 = 45o), which is equivalent to about 10.4 Dm, 9.3 
Dm and 7.3 Dm respectively. In the experimental result, the minimum 
temperature location occurs at about 9 Dm m for the default zero angle          
(θ0 = 0o), 8 Dm for the first angle (θ1 = 26.56o), and 7 Dm for the second angle 
(θ2 = 45o). That indicates good matching.  
• It is observed that the minimum computational temperature location is shifted 
backward in the first angle by about 1.1 Dm compared to the default case, and 
it is shifted in the second angle compared to the default case by 3.1 Dm. In the 
experimental, a similar regime behavior happens such that, the minimum 
experimental temperature location is shifted backward in the first angle by 1 
Dm compared to the default case, and it is shifted in the second angle 
compared to the default case by 2 Dm. The small difference between the 
computational and the experimental is maybe due to the wind effect in the 
location of the experiments. 
 
• The 24-inch fan maximum range with respect to temperature is reached at the 
12the diameter (12 Dm) for angle (θ1 = 26.56o) experimentally.  
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• The 24-inch fan maximum range with respect to temperature is reached at the 
10the diameter (10 Dm) for angle (θ2 = 45o) experimentally.  
 
• As expected, a little more drop in the temperature values occurs in the area 
close to the fan when it is angled down motivating the evaporation process in 















      By looking at figures 6.57 and 7.46 and comparing them, they show a good 
agreement of the experimental and the computational results for side-wise case 
investigation of the 24-inch fan, and the following observations are concluded. 
 
• The maximum side-wise range of droplet reaches about 4.3 m, which is 
equivalent to about 7.2 Dm side-wise computationally. While the maximum 
side-wise range in the experiment reaches about 7 Dm side-wise, this indicates 
almost identical results of both computational and experimental. 















8.3 Results of 30-inch Fan 
      By looking generally to the results of 30-inch fan presented for individual cases in 
previous chapters, a very good agreement is observed between the experimental 
results and computational results, which gives an indication of well chosen 
assumptions proposed for the computational solution.  
 
          Figure 8.3 shows an agreement on the temperature behavior of the experimental 
and the computational results of the 30-inch fan, and the following observations are 
concluded. 
 
• The location of the minimum temperature is almost the same for both 
experimental and computational. The experimental minimum temperature 
occurs at the 9the diameter front-wise (9 DL) of about 31.7 0C which is very 
close to the calculated wet bulb temperature; while the computational 
minimum temperature occurs exactly at the 8.7the diameter front-wise         
(8.7 DL) of about 33.9 0C, which shows well agreement between the 
experimental and the computational. 
• There are some experimental temperature values differ from their 
corresponding computational values for the same diameter, basically that 
doesn't mean disagreement since the computational indicates the air 
temperatures around the water droplet in different stages while flying in air till 
it hits the ground; while the experimental indicates the surrounding air 
temperatures measured after some time after the steady state is reached. That 
demonstrates why we get closer air temperature values in the experimental to 




• The minimum computational temperature is about  33.9 0C, which is a little bit  
different from the expected wet bulb temperature of about 31.5 0C. that’s 
indicates that the water droplet hits the ground before it evaporates 
completely, which was observed in figure 7.47. 
 
• The 24-inch fan maximum range with respect to temperature is reached at the 
14the diameter (14 DL) at height of 4 diameter (h = 4 DL) experimentally.  
 
 
Figure 8.3 Temperature (oc) VS distance in diameter (DL), for the big fan (DL), for   




      By looking at figures 6.64 and 7.65 and comparing them, they show a good 
agreement of the experimental and the computational results for angle effect case 
investigation of the 30-inch fan, and the following observations are concluded. 
 
• The minimum computational temperature location occurs at of about 6.5 m for 
the default zero angle (θ0 = 0o), 5.8 m for the first angle (θ1 = 26.56o), and    
4.6 m for the second angle (θ2 = 45o), which is equivalent to about 8.7 DL,   
7.8 DL and 6.2 DL respectively. In the experimental result, the minimum 
temperature location occurs at about 8 DL m for the default zero angle          
(θ0 = 0o), 7 DL for the first angle (θ1 = 26.56o), and 6 DL for the second angle 
(θ2 = 45o). That indicates good matching.  
• It is observed that the minimum computational temperature location is shifted 
backward in the first angle by about 0.9 DL compared to the default case, and 
it is shifted in the second angle compared to the default case by 2.1 DL. In the 
experimental, a similar regime behavior happens such that, the minimum 
experimental temperature location is shifted backward in the first angle by 1 
DL compared to the default case, and it is shifted in the second angle compared 
to the default case by 2 DL. The small difference between the computational 
and the experimental is maybe due to the wind effect in the location of the 
experiments. 
 
• The 30-inch fan maximum range with respect to temperature is reached at the 
11the diameter (11 DL) for angle (θ1 = 26.56o) experimentally.  
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• The 30-inch fan maximum range with respect to temperature is reached at the 
10the diameter (10 DL) for angle (θ2 = 45o) experimentally.  
 
• As expected, a little more drop in the temperature values occurs in the area 
close to the fan when it is angled down motivating the evaporation process in 















      By looking at figures 6.65 and 7.66 and comparing them, they show a good 
agreement of the experimental and the computational results for side-wise case 
investigation of the 30-inch fan, and the following observations are concluded. 
 
• The maximum side-wise range of droplet reaches about 4.5 m, which is 
equivalent to about 6 DL side-wise computationally. While the maximum side-
wise range in the experiment reaches about 6 DL side-wise, this indicates 

























8.4 Relationships and Concluded Remarks of the Three Fans 
By looking to the results of three fans previously, the following is concluded: 
 
• The maximum temperature range occurs at the 4th diameter level for each fan, 
which was investigated experimentally.  
 
• In the lower levels, the evaporation rate is enhanced in a better manner 
compared to the upper levels, which indicates more evaporation since the 
temperature in the lower levels is closer to the calculated wet bulb 
temperature. However, the evaporation process might take place and get 
completed in the upper levels and get cooled there before the water droplets 




• The experimental values and the computational values agreed well in all cases 
which reflects wise selected assumptions of the computational solution.  
 
• The measured temperatures values are lower than the computed ones; that 
indicates not complete evaporation of water droplets when flying before it hits 
the ground in the computational solution. However, the measured values 
indicates that the evaporation process continues to take a place even when the 





• The maximum range of each fan occurs at the 4th diameter level (h = 4D) and 
it is determined by measuring the airspeed for its maximum range; and the 
temperature range is determined by measuring the temperature for its 
maximum range as shown in tables 8.1 and 8.2.    
 
 
Table 8.1 Fan maximum range with respect to airspeed of the three fans  
Fan type 
Fan Max. range 
WRT airspeed  
 (D) 
Fan Max. range 
WRT airspeed 
(inch) 
Fan Max. range 
WRT airspeed   
(m) 
20-inch Fan (DS) 16 DS 320 8 
24-inch Fan (Dm) 14 Dm 336 8.4 




Table 8.2 Fan maximum range with respect to temperature of the three fans 
Fan type 
Fan Max. range 
WRT temperature 
 (D) 
Fan Max. range 
WRT temperature 
 (inch) 
Fan Max. range 
WRT temperature 
 (m) 
20-inch Fan (DS) 18 DS 360 9 
24-inch Fan (Dm) 16 Dm 384 9.6 











• The empirical relationship of fan maximum range with respect to fan airspeed 
(for fan airspeed v ≠ 0) in normalized diameter is generated from data in figure 
8.4 and formulated by equation 8.1. 
 
342.1)(017.0. 20 +−=≠ lengthlengthairspeedfor DDRangeMaxFan ……………………(8.1) 
 
The unit of fan maximum range with respect to fan airspeed (for fan airspeed v ≠ 0) is 





Figure 8.4 Fan maximum range with respect to fan airspeed (for fan airspeed v ≠ 0) 





• The empirical relationship of fan maximum range with respect to temperature 
of a fan (for ∆T ≠ 0) in normalized diameter is generated from data in figure 
8.5 and formulated by equation 8.2. 
 
362.1)(017.0. 20 +−=≠∆ lengthlengthTfor DDRangeMaxFan …………………………(8.2) 
 
Where: 
The unit of fan maximum range with respect to temperature (for ∆T ≠ 0) is the 





Figure 8.5 Fan maximum range with respect to temperature (for ∆T ≠ 0) as a function 
of fan diameter 
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• The empirical relationship of fan maximum range with respect to fan airspeed 
(for fan airspeed v ≠ 0) in inches is generated from data in figure 8.6 and 
formulated by equation 8.3. 
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The unit of fan maximum range with respect to fan airspeed (for fan airspeed v ≠ 0) is 
inch, and Dlength represents the fan diameter length in inches. 
 
 






• The empirical relationship of fan maximum range with respect to temperature 
of a fan (for ∆T ≠ 0) in inches is generated from data in figure 8.7 and 
formulated by equation 8.4. 
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The unit of fan maximum range with respect to temperature (for ∆T ≠ 0) is inch, and 









• The mean airspeed profile of a fan range area for maximum range (at the 4th 
diameter level) for the same aerodynamic and power design characteristics of 
a fan (except the length of fan diameter) is generated from data in figure 8.8 
and formulated in equation 8.5. 
 
39.015.006.00059.0 23 −++−= DDDarearangefanofprofileairspeedMean .....
..................................................................................................................................(8.5) 
Where: 
The unit of airspeed is (m/s), and D represents the fan diameter location number in the 








• The mean temperature profile of a mist fan range area for maximum range (at 
the 4th diameter level) for the applied experimental conditions (e.g. relative 
humidity = 50, temperature = 40 0C and droplet diameter = 200 µm) is 
generated from data in figure 8.9 and formulated in equation 8.6. 
 




The unit of temperature is Celsius, and D represents the fan diameter location number 








• The fan maximum side-wise range with respect to fan airspeed was studied for 
the three fans separately in figures 6.12, 6.20, 6.28, and tables 6.7, 6.4, 6.21. 
The empirical relationship of fan maximum side-wise range with respect to 
fan airspeed (for fan airspeed v ≠ 0) in normalized diameter for the same 
aerodynamic and power design characteristics of a fan (except the length of 
fan diameter), is generated from data in figure 8.10 and formulated in equation 
8.7. 
 
Table 8.3 Fan maximum side-wise range with respect to airspeed of the three fans  
Fan type 
Fan Max. side-wise 
range WRT 
airspeed (D) 
Fan Max. side-wise 
range WRT 
airspeed  (inch) 
Fan Max. side-wise 
range WRT 
airspeed  (m) 
20-inch Fan (DS) 3 DS 60 1.5 
24-inch Fan (Dm) 3 Dm 72 1.8 






≠ xDRangewiseSideMaxFan lengthairspeedfor …………………(8.7) 
 
Where: 
The unit of fan maximum range with respect to fan airspeed (for fan airspeed v ≠ 0) is 





Figure 8.11 Fan maximum side-wise range with respect to fan airspeed (for fan 















• The fan maximum side-wise range with respect to temperature was studied for 
the three fans separately in figures 6.49, 6.57, 6.65, and tables 6.28, 6.35, 6.42. 
The empirical relationship of fan maximum side-wise range with respect to 
temperature of a fan (for ∆T ≠ 0) in normalized diameter is generated from 
data in figure 8.12 and formulated by equation 8.8. 
 
Table 8.4 Fan maximum side-wise range with respect to temperature of the three fans 
Fan type 
Fan Max. side-wise 
range WRT 
temperature (D) 
Fan Max. side-wise 
range WRT 
temperature (inch) 
Fan Max. side-wise 
range WRT 
temperature (m) 
20-inch Fan (DS) 8 DS 160 4 
24-inch Fan (Dm) 7 Dm 168 4.2 
30-inch Fan (DL) 6 DL 180 4.5 
 
 
1762.0)(0083.0. 20 +−=− ≠∆ lengthlengthTfor DDRangewiseSideMaxFan …………..(8.8) 
Where: 
The unit of fan maximum side-wise range with respect to temperature (for ∆T ≠ 0) is 







Figure 8.12 Fan maximum side-wise range with respect to temperature (for ∆T ≠ 0) 











• The empirical relationship of fan maximum side-wise range with respect to 
fan airspeed (for fan airspeed v ≠ 0) in inches is generated from data in figure 





≠ += xDRangewiseSideMaxFan lengthinchesairspeedfor ………………..(8.9) 
 
Where: 
The unit of fan maximum side-wise range with respect to fan airspeed (for fan 
airspeed v ≠ 0) is inch, and Dlength represents the fan diameter length in inches. 
 
 
Figure 8.13 Fan maximum side-wise range with respect to fan airspeed (for fan 
airspeed v ≠ 0) in inches 
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• The empirical relationship of fan maximum side-wise range with respect to 
temperature of a fan (for ∆T ≠ 0) in inches is generated from data in figure 
8.14 and formulated by equation 8.10. 
 
2
)(0 102.12_. xDRangewiseSideMaxFan lengthinchesTfor +=≠∆ …………………..(8.10) 
 
Where: 
The unit of fan maximum side-wise range with respect to temperature (for ∆T ≠ 0) is 









8.5 Heat Absorbed by Water Droplets 
To calculate the mount of heat absorbed by water droplets and the cooled air volume 
for each fan, we consider the control volume in figure 8.15. 
 
 
Figure 8.15 A control volume of conserved mass and energy  
 
























































= 0 …………(8.11) 
 




 is the total absorbed heat of droplet when falling down, 
•
am is the air mass 
flow rate, pac is the specific heat of air, aT  is the air temperature, Tp is the thermal 
equilibrium temperature of droplet, Tpo is the initial droplet temperature, 
•
lm is the 
liquid mass of droplet per time, peC  is the specific heat of water, 
•
evapm is the 
vaporized mass of droplet when flying through air per time, L is the latent heat of 
water and h is the enthalpy.  
 
       It is interesting to calculate the total cooling effect of water injected from nozzle. 
The water vapor produced from the evaporation of droplets would be heated to the air 
temperature from the equilibrium temperature of the droplet. For a nozzle with certain 




Where totalQ  is the total absorbed heat of all droplets when falling down, N is the 





        In our case, there are six nozzles. Each nozzle has a mass flow rate of 8.8 x 10-4  
(kg/s). For six nozzles, the total amount of injected water equals 5.28 x 10-3 (kg/s). 
 
The total number of droplets per one second (N) = 
droplet one of mass
10 x 5.28 -3   
N = 1260.5 x 103 (per second). 
To calculate the total absorbed heat of one droplet pQ
0
according to equation 8.11: 
pQ
0
= (3.96 x 10-9) (4187) (31.9-25) + (2.4 x 10-10) (2412.7 x 103) 
      = 6.934 x 10-4 (J/s) 
To calculate the total absorbed heat of all droplets totalQ  according to equation 8.12: 
totalQ = N . pQ
0
  
         = (1260.5 x 103) (6.934 x 10-4)  














To calculate the total absorbed heat of all droplets for different fans is as follows: 
8.5.1 Heat Absorbed by Water Droplets of 20-inch Fan 
The steady state of this fan is reached after approximately 15 minutes experimentally.   
N  = )
min1
60(*)1(10 x 1260.5 3 s
s
= 75.63 x 106 (1/min) 
N (for 15 minutes) = 15 x 75.63 x 106 = 11.345 x 108 
faninchstatesteadytotalQ −− 20_ = (11.345 x 10
8) (6.934 x 10-4)  
                                   = 7.8669 x 105 (J)  
































Where aV  is the air volume, aρ is the air density. 
)9.3140()1005((1.2)
10 x 7.8669 5
−
=aV  




To compare the calculated volume of air (Va) that’s absorbed this amount of heat to 
the sub-volume of air in the location of experiment (Vsub-air), the two volumes are 
close to each other as follows: 
 The dimensions of affected volume of air in the place of the experiment is about 9 
meters front-wise of the fan, 4 meters side-wise and 2 meters high which represents 
the height of the fan. By assuming symmetrical triangle shape for the air volume as 
shown in figure 8.16, then it is calculated as follows: 
 
Vsub-air = (2) x (1/2) x (9) x (4) x (2) = 72 m3 
  







= xdiff % 
Eventually, it could be concluded that 7.8669 x 105 (J) of heat was absorbed from the 
affected fan range air sub-volume for the 20-inch Fan. 
 
 





8.5.2 Heat Absorbed by Water Droplets of 24-inch Fan 
The steady state of this fan is reached after approximately 19 minutes experimentally.   
N  = )
min1
60(*)1(10 x 1260.5 3 s
s
= 75.63 x 106 (1/min) 
N (for 19 minutes) = 19 x 75.63 x 106 = 14.37 x 108  
faninchstatesteadytotalQ −− 24_ = (14.37 x 10
8) (6.934 x 10-4)  
                                   = 9.9647 x 105 (J)  




10 x 9.9647 5
−
=aV  
      = 102 m3  
 
To compare the calculated volume of air (Va) that’s absorbed this amount of heat to 
the sub-volume of air in the location of experiment (Vsub-air), the two volumes are 
close to each other as follows: 
 The dimensions of affected volume of air in the place of the experiment is about 9.6 
meters front-wise of the fan, 4.2 meters side-wise and 2.4 meters high which 
represents the height of the fan. By assuming symmetrical triangle shape for the air 
volume as shown in figure 8.17, then it is calculated as follows: 
 











= xdiff % 
Eventually, it could be concluded that 9.9647 x 105 (J) of heat was absorbed from the 
affected fan range air sub-volume for the 24-inch Fan. 
 
 












8.5.3 Heat Absorbed by Water Droplets of 30-inch Fan 
The steady state of this fan is reached after approximately 24 minutes experimentally.   
N  = )
min1
60(*)1(10 x 1260.5 3 s
s
= 75.63 x 106 (1/min) 
N (for 24 minutes) = 24 x 75.63 x 106 = 14.37 x 108  
faninchstatesteadytotalQ −− 30_ = (18.151 x 10
8) (6.934 x 10-4)  
                                   = 1.2587 x 106 (J)  




10 x 1.2587 6
−
=aV  
      = 128.9 m3  
 
To compare the calculated volume of air (Va) that’s absorbed this amount of heat to 
the sub-volume of air in the location of experiment (Vsub-air), the two volumes are 
close to each other as follows: 
 The dimensions of affected volume of air in the place of the experiment is about 10.5 
meters front-wise of the fan, 4.5 meters side-wise and 3 meters high which represents 
the height of the fan. By assuming symmetrical triangle shape for the air volume as 
shown in figure 8.18, then it is calculated as follows: 
 











= xdiff % 
Eventually, it could be concluded that 1.2587 x 106 (J) of heat was absorbed from the 
affected fan range air sub-volume for the 30-inch Fan. 
 
 


















8.6 Effect of Operating Parameters of Evaporation Rate and Drying 
Time Performance 
          In this section, a detailed discussion is presented to study and compare the 
effects of operating parameters playing role in evaporation rate process and drying 





















8.6.1 Effect of Air Humidity 
        In figures 8.19 and 8.20, the relative humidity is increased gradually and plotted 














Figure 8.20 Effect of relative humidity on drying performance 
 
 
          It is observed from previous figures that there is a reduction in the evaporation 
rate due to the increase of relative humidity; and there is an increase in the drying 
time due to the increase of relative humidity. The reduction in mass transfer driving 









8.6.2 Effect of Operating Pressure 
         In figures 8.21 and 8.22, the operating pressure is decreased gradually and 














Figure 8.22 Effect of operating pressure on drying performance 
 
 
         It is observed from previous figures that there is an increase in the evaporation 
rate due to the decrease of operating pressure; and there is a decrease in the drying 







8.6.3 Effect of Air Velocity 
         In figures 8.23 and 8.24, the air velocity is increased gradually and plotted 














Figure 8.24 Effect of air velocity on drying performance 
 
 
          It is observed from previous figures that there is an increase in the evaporation 
rate due to the increase of air velocity; and there is a decrease in the drying time due 







8.6.4 Effect of Air Temperature 
         In figures 8.25 and 8.26, the air temperature is increased gradually and plotted 














Figure 8.26 Effect of air temperature on drying performance 
 
 
        It is observed from previous figures that there is an increase in the evaporation 
rate due to the increase of air temperature; and there is a decrease in the drying time 
due to the increase of air temperature 
 
As a summery from the above computation, the followings are concluded. 
• When the relative humidity is increased, the evaporation rate is decreased. 
• When the air operating pressure is decreased, the evaporation rate is increased 
and vice versa. 
• When the air velocity is increased, the evaporation rate is increased as well. 




CONCLUSIONS AND RECOMMENDATIONS 
        This chapter concludes the work of the thesis by presenting the conclusions, 
summery and recommendations for future work.  
9.1 Conclusions 
  The contribution of this thesis can be summarized as follows: 
• By investigating the relationship between the temperature domain and cooling 
fan diameters from one aspect, and the relationship between the temperature 
domain and cooling fan heights from the other aspect with and without mist, 
and by looking generally to the results of fans presented for individual cases in 
previous chapters, a good agreement has been observed between the 
experimental results and computational results, which gives an indication of 
well chosen assumptions proposed for the computational solution.  
• The maximum temperature range occurs at the 4th diameter level (h = 4D) for 
each fan.  
 
• In the lower levels, the evaporation rate is enhanced in a better manner 
compared to the upper levels which indicates more evaporation since the 
temperature in the lower levels is close to the calculated wet bulb temperature.  
 
• The experimental values and the computational values agreed well in all cases 




• The measured temperatures values are lower than the computed ones; that 
indicates not complete evaporation of water droplets when flying before it hits 
the ground in the computational solution. However, the measured values 
indicates that the evaporation process continues to take a place even when the 
water droplets on the ground. 
 
 
• The maximum range of each fan occurs at the 4th diameter level (h = 4D) and 
it is determined by measuring the airspeed for its maximum range; and the 
temperature range is determined by measuring the temperature for its 
maximum range as shown in chapter 8.    
 
 
• All empirical relationships of fan maximum range with respect to fan airspeed 
and with respect to temperature including the special case studies are 
introduced satisfying the main objectives of the study as shown in chapter 8. 
 
• The mean airspeed profile and mean temperature profile of a fan range area 
for maximum range (at the 4th diameter level) for the same aerodynamic and 
power design characteristics of a fan (except the length of fan diameter) are 
formulated as shown in chapter 8. 
 
• The amount of heat absorbed from air for each fan in the location of 




          In this thesis, an experimental study verified by a computational model has 
been conducted to understand and investigate the relationship between the 
temperature domain and cooling fan diameters from one aspect, and the relationship 
between the temperature domain and cooling fan heights from the other aspect with 
and without mist. Evaporative cooling by using mist has been an aim of this work to 
guarantee less energy consumption and this, in turn, will lead to make the solar energy 
as the energy source of this cooling system. In this manner, it is highly possible to 
provide thermal comfort to so many active and livable places all over the kingdom of 
Saudi Arabia without putting any pressure on the government for providing energy. 
          Experimental part has been basically done in two stages. The first stage has 
been conducted without mist and the second stage has been done with mist. both 
stages have been devoted to find empirical relationship that relates the fan coverage 
area with fan diameter from one aspect and the fan coverage area with fan heights 
from the other aspect.  
          In this work, three fans have been selected with the following diameters (20 
inch, 24 inch and 30 inch). These fans were selected specifically to have exactly 
aerodynamic similarities except the length of diameter where we have three different 
lengths of diameters as stated above. 
          The fans were leveled to different heights and then operated to take the airspeed 
measurements and temperature for each diameter of the three fans in front of each 
one, where it is called coverage area domain. The airspeed and temperature were 
measured by placing sensitive instruments in the domain.      
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         Also one aspect that has been included in the experiments is the angle effect 
case study of the fans. For zero angle (θ1 = 0o) as explained in default case, the 
airspeed and temperature effect could reach maximum range but for higher levels of 
fans like the 4th Diameter and the 5th Diameter the area that is directly below the fan 
could be affected due to less amount of airspeed reaching that area; so because of that 
the fans were angled down to two angles (θ1 = 26.56o) and (θ2 = 45o) to get an idea 
about the regime in this case.  
           The experimental results have been verified by a computational  study which 
has been conducted by keeping the same conditions as in the experiments for the three 
fans, except the fan airspeed which varies according to different fan diameter. The 
computational study was conducted based on heat and mass transfer diffusion 
equations to calculate the evaporation rate and the temperature for each fan 
considering one droplet model.  
      There were some assumptions made for the model as follows: 
• The surface of the control volume coincides with the surface of the droplet. 
• The droplet is to be in a spherical shape. 
• The heat transfer at the surface is due to convection. 
• The mass transfer occurs as evaporation takes place at the interface between 
the droplet and air. 
• The temperature in the droplet is assumed to be uniform during the 
evaporation process. 




• At the end, there has been a detailed discussion presented to study and 
compare the effects of operating parameters playing role in evaporation rate 
process and drying performance. Thesis parameters are air humidity, operating 






















9.3 Recommendations for Future Research Work 
         Following are the recommendations for possible research that can be carried out 
in future based on the work presented in this thesis: 
• Implementation of more than three fans with different diameter lengths to get 
more accurate relationships. 
• Implementation of different fans aerodynamically similar but with different 
number of plates and perform the study for such a case. 
• Implementation of different fans aerodynamically similar but with different 
design of plates and perform the study for such a case. 
• Implementation of different fans aerodynamically similar but with different 
plate widths and perform the study for such a case. 
• Implementation of different fans aerodynamically similar but with different 
airfoils of plates and perform the study for such a case. 
• Implementation of different fans aerodynamically similar but with different 
RPM speeds and perform the study for such a case. 
• Implementation of different water droplet sizes and perform the study for such 
a case. 
• Implementation of different numbers of nozzles and perform the study for 
such a case. 
• Implementation of different water pump pressures of the mist system since it 
affects directly the droplet size and perform the study for such a case. 
• Reconducting the study in different weather conditions like changing the air 
humidity, operating pressure, airspeed and air temperature. 
• Energy consumption for different fan configuration. 
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APPENDIX A: Error Analysis on Uncertainty 
Calculations 
• Uncertainty in Airspeed Measurement: 
The airspeed was measured for 5 times as follows: 
7.85, 7.9, 8.1, 7.96, 8.09 meter per second  
The average value of airspeed measurements is: 
 
5
8.09 7.968.1 7.97.85 ++++
=Average  
                = 7.99 m/s 
The mean deviation from the mean is the sum of absolute values of the 
differences between each measurement and the average, divided by the 
number of measurements: 
5
0.1 03.00.11 0.090.14. ++++=MeanfromDevMean  
                                     = 0.094 m/s 
The mean deviation from the mean gives a reasonable description of the scatter of 




Based on this calculation, the true airspeed measurement is estimated to be          
±  0.94 m/s (using mean deviation from the mean): 
The uncertainty in measuring airspeed is ±  0.94 m/s. 
 
• Uncertainty in Temperature Measurement: 
The temperature was measured for 5 times as follows: 
36.5, 36.4, 36.6, 36.5, 36.7 0C 
The average value of temperature measurements is: 
 
5
36.7 36.536.6 36.436.5 ++++
=Average  
                = 36.54 0C 
The mean deviation from the mean is the sum of absolute values of the 
differences between each measurement and the average, divided by the 
number of measurements: 
5
0.16 04.00.06 0.140.04. ++++=MeanfromDevMean  
                                     = 0.088 0C 
The mean deviation from the mean gives a reasonable description of the scatter of 




Based on this calculation, the true temperature measurement is estimated to be          
±  0.088 0C (using mean deviation from the mean): 
The uncertainty in measuring temperature is ±  0.088 0C. 
 
• Uncertainty in Fan Maximum Range Measurement: 
The fan maximum range was measured for 5 times as follows: 
10.55, 10.59, 10.51, 10.35, 10.3 meter 





                = 10.46 m 
The mean deviation from the mean is the sum of absolute values of the 
differences between each measurement and the average, divided by the 
number of measurements: 
5
0.16 0.110.050.13 0.09. ++++=MeanfromDevMean  
                                     = 0.108 m 
The mean deviation from the mean gives a reasonable description of the scatter of 




Based on this calculation, the true fan maximum range measurement is estimated 
to be ±  0.108 m (using mean deviation from the mean): 
The uncertainty in measuring fan maximum range is ±  0.108 m. 
 
• Uncertainty in Relative Humidity Measurement: 
The relative humidity was measured for 5 times as follows: 
52, 55, 48, 50, 46 % 





                = 50.2 % 
The mean deviation from the mean is the sum of absolute values of the 
differences between each measurement and the average, divided by the 
number of measurements: 
5
4.2 0.22.24.8 1.8. ++++=MeanfromDevMean  
                                     = 2.64 % 
The mean deviation from the mean gives a reasonable description of the scatter of 




Based on this calculation, the true relative humidity measurement is estimated to 
be ±  2.64 % (using mean deviation from the mean): 
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